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Description 

TECHNICAL FIELD 

5 [0001] The present invention generally relates to semiconductor devices and more particularly to a preprocessing 
method and apparatus suitable forfomriing an extremely thin insulation film on a semiconductor substrate. 

BACKGROUND ART 

10 [0002] In the technology of recent advanced high-speed semiconductor devices, use of the gate length of 0.1p.m or 
less Is becoming possible with the progress In the art of ultrafine semiconductor fabrication processes. Generally, 
operational speed of a semiconductor device is improved with device miniaturization, while there Is a need, In such 
extremely miniaturized semiconductor devices, to reduce the thiclcness of the gate insulation film thereof with the 
decrease of the gate length achieved as a result of the device miniaturization. 

15 [0003] When the gate length has been reduced to 0.1 |j.m or less, on the other hand, thethickness of the gate insulation 
film has to be reduced to 1 - 2nm or less when a conventional themrial oxide film is used for the gate insulation film. In 
such an extremely thin gate insulation film, however, there inevitably arises a problem of increased tunneling current, 
while such an Increased tunneling cun-ent causes the problem of large gate leal^age current. 

[0004] In view of the situation noted above, there has been a proposal of using a high-dielectric material (so-called 
20 high-K dielectric material) having a much larger specific dielectric constant as compared with a thermal oxide film and 
thus capable of achieving a small Si02-equivalent thickness while maintaining a large physical thickness, for the gate 
insulation film. Such a high-K material includes TagOg. AI2O3. ZrOa. HfOg, ZrSi04, HfSi04, and the like. By using such 
a high-K dielectric material, it becomes possible to use the physical thickness of about 4nm in ultra high-speed semi- 
conductor devices having a gate length of O.ljim or less. Thereby, the gate leakage cun-ent caused by tunneling effect 
25 is successfully suppressed. 

[0005] In a semiconductor device that uses such a hIgh-K dielectric film for the gate insulation film, it is preferable 
to form the high-K dielectric film directly on a Si substrate for reducing the SiOa equivalent thickness of the insulation 
film. However, in the case the high-K dielectric film is formed directly on the SI substrate, the metal elements In the 
high-K dielectric film tend to cause diffusion Into the SI substrate, and there arises the problem of carrier scattering In 
30 the channel region. 

[0006] From the viewpoint of improving carrier mobility in the channel region, it is preferable to interpose an extremely 
thin base oxide film having a thickness of 1 nm or less, preferably 0.8 nm or less, most preferably 0.4nm or less, between 
the high-K dielectric gate oxide film and the SI substrate. It should be noted that this base oxide film has to be extremely 
thin. Othenwise, the effect of using the high-K dielectric film for the gate insulation film would be canceled out. Further, 
35 such an extremely thin base oxide film has to cover the surface of the Si substrate unifomnly, without fomiing defects 
such as interface states. 

[0007] FIG.1 shows the schematic construction of a high-speed semk:onductor device 1 having a high-K dielectric 
gate insulation film. 

[0008] Referring to FIG.1 , the semiconductor device 1 is constructed on a silicon substrate 2 and includes a high-K 
40 dielectric gate insulation film 4 such as TaaOg, AI2O3, ZrOa, HfOa, ZrSI04, HfSi04, and the like, fomied on the silicon 
substrate 2 via a thin base oxide film 3. Further, agate electrodes is fonned on the high-K dielectric gate insulation film 4. 
[0009] In the semiconductor device 1 of FIG.1 , there Is conducted nitrogen (N) doping in the base oxide film 3 within 
the range that interface flatness is maintained between the silicon substrate 2 and the base oxide film 3, and because 
of this, the base oxide film 3 has a larger specific dielectric constant as compared with a pure silicon oxide film. Thereby, 
45 it becomes possible to reduce the oxide-equivalent thickness of the base oxide film 3 further. By introducing nitrogen 
into such an extremely thin base oxide film 3 with a thickness of about 1 atomic layer, it becomes possible to improve 
the mechanical stability at the interface to the hIgh-K dielectric gate insulation film 4 (Lucovisky, G., et al., Appl. Phys. 
Lett. 74, 2005, 1999). 

[0010] As explained before, it is preferable that the base oxide film 3 has as small thickness as possible In such a 

50 high-speed semiconductor devk^e 1 . 

[0011] In the case of fomiing such an extremely thin oxide film on a silfcon substrate surface, it is not only necessary 
to remove the native oxide film but also other impurity element, particularty carbon originating from the organic materials 
in the atmosphere, from the surface of the silicon substrate. When the film formation process is conducted in the state 
carbon is remaining on the silicon substrate surface, the cartDon atoms cause a reaction with the silicon atoms in the 

55 silicon substrate and there Is fonmed SiC on the substrate surface. Such Sic fomris defect in the oxide film. Further, the 
silicon substrate surface thus cleaned has to be planarized before the fonnation of the thin insulation film. Further, in 
view of the fact that such a cleaned silicon substrate easily undergoes formation of native oxide film or absorbing of 
organic materials in the air when the substrate is left in the air, it is necessary that such a substrate pre-processing 
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has to be conducted Immediately before the substrate processing by way of a single-wafer process. 
[0012] Conventionally, several technologies are known for planarlzing the silicon substrate surface. 
[0013] For example, there is a known technology of manufacturing a substrate in which the planarlzatlon of the 
substrate surface is achieved by causing to flow a cun-ent in an ultra-high vacuum environment. However, such a 
planarization process requires ultra-high vacuum environment of 10-^-1 0-io Torr, and thus, it is difficult to use such a 
process for a substrate preprocessing process conducted In a mass production line of semiconductor devices. Further, 
it is difficult to construct a cluster-type semiconductor production apparatus that conducts a single-wafer process by 
combining the foregoing planarization process In combination with other semiconductor fabrication processes. 
[0014] Further, there is a known substrate manufacturing technology that conducts so-called denuded-zone (Dz) 
annealing for a silicon substrate fomned by a Czochralski (Cz) growth method or MCz (magnetic-field-applied Czo- 
chralski) growth method and containing large amount of Interstitial oxygen at the temperature of about 1100*'C and 
fornn an intrinsic gettering layer in the silicon substrate (Matsushita Y., et al., Extended Abstracts of the 18*^^ (1986 
International) Conference on Solid State Devices and Materials, Tokyo, 1 986. pp.529 - 532). However, this substrate 
manufacturing process Is, while effective for reducing the defect density of the substrate, not effective for achieving 
the pianarity, partlcuiarly the planarity of atomic-layer grade, on the substrate surface. Further, this process requires 
a high-temperature treatment in an electric furnace and is not suitable for constructing a cluster-type semiconductor 
production apparatus that conducts a single-wafer process In combination with other semiconductor manufacturing 
processes. 

[0015] Further; there is a known substrate manufacturing technology known as Hi-wafer in which a silicon substrate 
fomied by a Czochralski (Cz) process is held for a long time in a hydrogen ambient at a high temperature of 1100 - 
1200''C for improvement of the quality of the silicon substrate (NIKKEI MICRODEVICES, May, 1993, pp.63-64). Ac- 
cording to this Hi-wafer technology, it becomes possible to reduce the defect density at the silicon substrate surface 
further as compared with the case of the Cz substrate subjected to the intrinsic gettering process. Further, there is a 
known technology of planarlzing the silicon substrate surface to the degree that atomic layer steps become observable 
by conducing a themnal annealing process in the hydrogen ambient at the high temperature of about 1 1 00**C (Yanase, 
Y. et al., Electro-Chemical Society, Abstract No.296. 1993, pp.486). However, this method, also requiring a high- 
temperature thermal annealing process In an electric furnace, is not suitable for constructing a cluster-type semicon- 
ductor production apparatus that conduces a single-wafer processing in combination with other semiconductor manu- 
facturing processes. 

[001 6] Further, there is proposed a so-called RTH process that achieves planarization by treating a silicon substrate 
in^a low-pressure hydrogen ambient (Ono, A., et al., 2001 Symposium on VL SI Technology Digest of Technical Papers, 
7A-2, pp.79-80). However, this substrate preprocessing process, requiring a high-vacuum environment and hydrogen 
ambient, is not suitable for constructing a cluster-type semiconductor production apparatus in combination with other 
semiconductor processes. 

[0017] Thus, while there have been available processes of planarlzing a silicon substrate surface to the degree that 
atomic layer steps become observable, such conventional processes reqCiIre ultrahigh vacuum environment for thermal 
annealing process or themial annealing process in a hydrogen ambient, and it has been difficult to construct a cluster- 
type semiconductor manufacturing process that conducts a single-wafer process of large-diameter wafers in combi- 
nation with other semiconductor processes. 

[0018] As explained previously, such a nearly complete planarization of silicon surface Is essential in the fabrication 
process of ultrahigh-speed semiconductor devices as the preprocessing process when forming a base oxide film with 
the thickness of 2 - 3 atomic layers, in advance to the step of fonning the hIgh-K dielectric gate insulation film. 

DISCLOSURE OF THE INVENTION 

[0019] Accordingly, it is a general object of the present invention to provide a novel and useful substrate processing 
method and processing apparatus wherein the foregoing problems are eliminated. 

[0020] Another and more specific object of the present invention Is to provide a substrate processing method capable 
of planarizing a silicon substrate surface to the degree that atomic layer steps become obsen/able and is suitable for 
constructing a cluster-type semiconductor production apparatus that conducts a single-wafer process in combination 
with other semiconductor processes. Further, the present invention provides a substrate processing apparatus for 
conducting such a substrate processing method as well as a production apparatus of semiconductor devices, 
[0021] Another object of the present Invention is to provide a substrate processing method, comprising the steps of: 

55 removing cartDon from a silicon substrate surface; and 

planarizing said silicon substrate surface from which carbon is removed. 

[0022] Another object of the present invention is to provide a substrate processing apparatus, comprising: 
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a processing vessel including therein a stage for holding a substrate to be processed, said processing vessel being 
evacuated by an evacuating systenn; 

a first gas supply system for introducing a nitrogen gas into said processing vessel; 
a first optical window fomned in a part of said processing vessel; and 

an ultraviolet source provided outside said processing vessel so as to in-adiate said substrate held on said state 
via said first optical window. 

[0023] Another object of the present invention Is to provide a cluster-type semiconductor production apparatus, com- 
prising: 



a cassette module i 

a vacuum transportation path coupled to said cassette module, said vacuum transportation path including therein 
a substrate transportation mechanism; 

a first substrate processing chamber coupled to said vacuum transportation path and comprising: a processing 
15 vessel including therein a stage for holding a substrate to be processed, said processing vessel being evacuated 

by an evacuating system; a first gas supply system for Introducing a nitrogen gas into said processing vessel; a 
second gas supply system for introducing an oxygen gas into said processing vessel; an optical window fomned 
in a part of said processing vessel; and an ultraviolet source provided outside said processing vessel so as to 
irradiate said substrate on said stage via said optical window; and 
20 a second substrate processing chamber coupled to said vacuum transportation path, said second substrate 

processing chamber conducting a themial annealing process on said substrate in a rare gas ambient. 

[00241 Another object of the present invention is to provide a cluster-type semiconductor production apparatus, com- 
prising: 



a cassette module* 

a vacuum transportation path coupled to said cassette module and Including therein a substrate transportation 
mechanism; 

a first substrate processing chamber coupled to said vacuum transportation path and comprising: a processing 
30 vessel including therein a stage for holding a substrate to be processed and evacuated by an evacuation system; 

a first gas supplying system for introducing a nitrogen gas into said processing vessel; a second gas supplying 
system for introducing a rare gas into said processing vessel; a third gas supplying system for introducing an 
oxygen gas into said processing vessel; a first optical window fomned in a part of said processing vessel; an 
ultraviolet source provided outside said processing vessel so as to in^adiate said substrate on said stage via said 
35 first optical window; and a lamp optical source provided outside said processing vessel so as to irradiate said 

substrate on said stage via a second optical window; and 

a second substrate processing chamber coupled to said vacuum transportation path and conducing deposition of 
a high-K dielectric film on said substrate to be processed. 

40 [0025] According to the present invention, carbon on the substrate surface is removed preferably by a processing 
in an ultraviolet-excited nitrogen gas (UV-Ng processing) in advance to the planarizatlon processing conducted by a 
thermal annealing process. As a result, fomnation of impurities such as SIC, which causes pinning of silicon atoms at 
the time of the planarization processing conducted by way of suppressing flowing or sublimation of the silicon atoms, 
is suppressed, and the silicon atoms can move freely overthe substrate surface even In the case the themnal annealing 

45 process is conducted at a relatively low temperature of about 940° C. Thereby, irregular projections.and depressions 
existing on the substrate surface as in the case of the substrate having a polished surface, are successfully planarized, 
and as a result, an extremely flat surface showing atomic layer steps is achieved. Thereby, it should be noted that the 
planarization process of the present invention can be conducted in an ordinary rare gas ambient such as an Ar ambient 
and does not require ultrahigh vacuum environment or hydrogen fumace environment, contrary to the case of conven- 

50 tional planarization process. Thus, the substrate processing method of the present invention is suitable for constructing 
a cluster-type semiconductor production apparatus that conducts single-wafer substrate processing in combination 
with other substrate processes. 

[0026] In the present invention, it should be noted that the organic substance remaining on the silicon substrate 
surface such as hydrocarbon or the like undergoes decomposition or depolymerization as a result of ultraviolet irradi- 
55 atlon conducted in the nitrogen ambient. Thus, by heating the substrate in the vacuum environment, the organic sub- 
stance is easily detached and removed from the substrate. With the wavelength of the ultraviolet radiation used in the 
present Invention, there is caused no activation in the nitrogen gas, and thus, there occurs no formation of nitrogen 
film on the silicon substrate surface. In order that the foregoing UV-N2 processing can successfully disconnect the 
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carbon bond other than the C=N bond, it is preferable to use an ultraviolet radiation having a wavelength of 1 50nm or 
more but not exceeding 270nm, particularly the ultraviolet radiation having the wavelength of about 172nm. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0027] 



FIG.1 is a diagram showing the construction of a conventional substrate processing apparatus; 
FIG.2 is a diagram showing the construction of a substrate processing apparatus used in a flrlst embodiment of 
^0 the present invention; 

FIGS.3A - 3C are diagrams showing the state of surface of a silicon substrate for the case of conducting various 
preprocessing by a cluster-type substrate processing apparatus that includes the substrate processing apparatus 
of 2, in the state an argon annealing process Is conducted thereafter; 

FIG.4 is a diagram showing the construction of a cluster-type substrate processing apparatus that includes the 
'5 substrate processing apparatus of FIG.2; 

FIGS.5A - 5C are diagrams showing the result of element analysis conducted on the specimen of FIGS.3A - SO 
by XPS; 

FIGS.6A - 6D are diagrams showing the state of the silicon substrate surface for the case a planarization process 
IS conducted at various temperatures after conducting the UV-Ng processing by using the substrate processinq 
^° apparatus of FIG.2; ^ 

FIGS.7A - 7C are diagrams showing the state of the silicon surface for the case various carbon removal process 
is conducted by using the substrate processing apparatus of FIG.2; 

FIG.8 is a diagram showing the amount of residual carbon on the isillcon substrate surface for the case various 
substrate preprocessing is conducted; 

FIG.9 Is a diagram con-esponding to FIG.6C and shows the atomic layer steps appearing on the silicon substrate 
surface in an enlarged scale for the case of conducting the carbon removal process and further the planarization 
process; 

FIGS.1 OA and 1 0B are diagrams showing the process of forming an oxide film on the silicon substrate surface of 
« FIG.9 according to a second embodiment of the present invention; 

- FIGS. 11 A and 11 B are diagrams showing the process of fonning an oxide film on a silicon substrate havlna a 
^ polished surface; ^ 

FIG.1 2 is an AFM image showing the state of the oxide film surface grown on the silicon substrate surface after 
conducting the carbon removal process and planarization process; 

FIG.13 is a diagram showing the relationship between the film thickness and oxidation time for the case of con- 
ducting an oxide film fomnation according to the first embodiment of the present invention; 
FIG. 14 is a diagram explaining the procedure of measuring the film thickness by an XPS Analysis as used In the 
present invention; 

FIG.1 5 Is another diagram explaining the procedure of measuring the film thickness by an XPS analysis as used 
In the present Invention; 

FIG.1 6 is a diagram schematically showing the phenomenon of slowdown of oxide film growth observed when 
fonning an oxide film by the substrate processing apparatus of FIG.3; 
FIGS.1 7A and 1 7B are diagrams showing the oxidation of a silicon substrate surface; 

FIG.1 8 is a diagram showing a semiconductor structure Including an oxide film and a high-K dielectric film and 
fomned on a silicon substrate surface showing the atomic layer steps; 

FIG. 19 is a diagram showing the construction of a cluster-type substrate processing used for constructinc the 
semiconductor structure of FIG. 18; 

FIG.20 is a diagram showing the relationship between a leakage cun-ent and thermal-oxide-equivalent film thick- 
ness in the structure of FIG. 18; 

FIGS.21 A ' 21 C are diagrams showing the process of fonning an oxide film having a thfckness of two atomic layers 
on a silicon substrate while utilizing the slowdown phenomenon of FIG.13 or FIG. 16; 

FIG.22 is a diagram summarizing the process condition for realizing the slowdown phenomenon of FIG.13 or FIG. 
16; 

FIG.23 Is a diagram showing the construction of a substrate processing apparatus according to a third embodiment 
of the present invention; 

FIGS.24A and 24B are diagrams showing a UV-O2 processing conducted by using the substrate processinq ap- 
paratus of FIG.23; . f k 

FIG.25 is a diagram showing the construction of an RF remote-plasma source used In the substrate processinq 
apparatus of FIG.23; ^ 
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FIG.26 is another diagram comparing RF remote plasma and microwave plasma; 
FIG.27 is another diagram comparing RF remote plasma and microwave plasma; 

FIGS.28A and 28B are diagranrre showing the radical nitrldatlon process conducted by the substrate processing 

apparatus of FIG.23; 

5 FIGS.29A and 29B are diagrams showing the relationship between the nitrogen concentration and film thickness 

for an oxynitride film nitrided by using the RF remote plasma and an oxynitride film nitrlded by using the microwave 
plasma; 

FIG.30 is a diagram showing the principle of detecting the thickness distribution of the nitrogen atoms in the ox- 
ynitride film by using the XPS analysis; 
10 FIG.31 is a diagram showing the relationship between the nitrogen concentration in the oxynitride film and the 

duration of the radical nitridation; 

FIG.32 is a diagram showing the relationship between the thickness distribution of nitrogen in the oxynitride film 
and the duration of the radical nitridation; 

FIG.33 is a diagram showing the wafer-by-wafer film thickness variation of the oxynitride film formed by the sub- 
15 strate processing apparatus of FIG.23 and obtained by ellipsometry; 

FIG.34 is a diagram showing the relationship between nitrogen concentration in the oxynitride film and the film 
thickness obtained by the XPS method; 

FIGS.35A and 35B are diagrams showing the in-plane distribution of the nitride concentration realized by the 
nitridation processing of the oxide film conducting in the substrate processing apparatus of FiG.23 while rotating 
20 the substrate; 

FiG.36 is a diagram showing the construction of a single-wafer substrate processing apparatus according to a 
fourth embodiment of the present invention; 

FIGS.37A and 378 are diagrams showing the construction of a substrate processing apparatus used in the single- 
wafer substrate processing of FIG.36 for conducting oxide film fonnatlon on a silkjon substrate and nitridation 
25 thereof; 

FiGS.38A and 388 are diagrams showing the process of fonning an oxide film by a UV-Og processing while using 
the substrate processing apparatus of FIG.37; 

FIGS.39A and 398 are diagrams showing the nitridation processing of an oxide film conducted by the substrate 
processing apparatus of FIG.37; 
30 FIGS.40A and 408 are diagrams showing the construction of a substrate processing apparatus according to a fifth 

embodiment of the present invention. 

BEST MODE FOR IMPLEMENTING THE INVENTION 

35 [0028] In the present invention, residual carbon is removed from the substrate surface by conducting a ultraviolet 
nitridation (UV-Ng) processing on a silicon substrate surface. Thereafter, the silicon substrate surface is planarized by 
conducting a thennal annealing process in a rare gas. By applying a ultraviolet radical oxidation (UV-Og) processing 
to the silicon substrate surface thus planarized, a very thin oxide film can be fonned. Further, nitrogen is Introduced 
into the thin oxide film thus formed. 

40 

[FIRST EMBODIMENT] 

REMOVAL OF RESIDUAL CARBON FROM A SUBSTRATE SURFACE AND PLANARIZATION 

45 [0029] Hereinafter, a first embodiment of the present invention will be described. 

[0030] FtG.2 shows the construction of a substrate processing apparatus 1 0 used In a first embodiment of the present 

invention. 

[0031] Referring to FIG.2, the substrate processing apparatus 10 includes a processing vessel 11 having a stage 
11 A holding a substrate 12 to be processed thereon, and there is provided a showerhead 118 of a material such as 
50 quartz transparent to ultraviolet radiation in the processing vessel 11 . The showerhead 118 is provided so as to face 
the substrate 12 on the stage 11A. Further, the processing vessel 11 Is evacuated through an evacuation port 11C, 
and an oxidizing gas such as an oxygen gas or NO gas is supplied to the processing vessel 11 from an extemal gas 
source via the foregoing showeriiead 118. 

[0032] It should be noted that the processing vessel 1 1 is f onned with an optical window 1 1 D of a material transparent 
55 to Ultraviolet radiation such as quartz above the showerhead 1 1 8 such that the optical window 1 1 D exposes the show- 
erhead 118 and the substrate 12 underneath the showerhead 118. Further, the stage 11 A Is provided with a heater 

1 1 a for heating the substrate 1 2. 

[0033] Further, there is provided an ultraviolet exposure apparatus 14 above the processing vessel 21 via an inter- 
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vening connection part 13 provided in correspondence to the optical window 11 D. 

[0034] The ultraviolet exposure apparatus 14 includes a quartz optical window 14A corresponding to the optical 
window 11D and an ultraviolet source 14B radiating ultraviolet radiation upon the substrate 12 via the optical window 
11D, wherein the ultraviolet source 14B is held by a robot 14C movably in a direction parallel to the optical window 
14A as IS represented in FIG.2 by an arrow. In the Illustrated example, the ultraviolet source UB is formed of a linear 
optical source extending in the direction generally perpendicular to the moving direction of the ultraviolet source 14B 
For such a linear optical source, it is possible to use an excimer lamp having a wavelength of 172 nm 
[00351 In the construction of FIG.2. it should be noted that an inert gas such as is supplied to the connection part 
13 from an extemal gas source (not shown) via a line 13A for avoiding the problem of absorption of the ultraviolet 
radiation by the oxygen in the air before the ultraviolet radiation fonned by the ultraviolet radiation source 14B is intro- 
duced into the processing vessel 11 through the optical window 1 1 D. The foregoing inert gas flows into the space 14D 
inside the ultraviolet exposure apparatus 14 through a gap fonned In the mounting part of the optical window 14A of 
the ultraviolet exposure apparatus 14. 

[0036] Further, in order to suppress the Incoming flow of oxygen in the air into the region right undemeath the ultra- 
violet source 148 with the driving of the ultraviolet source 148. there is provided a shielding plate 14F at both lateral 
sides of the ultraviolet source 148. and an inert gas such as is supplied into a nan-ow region, which is fomied 
between the optical window 1 4A opposing the ultraviolet source 1 4B and the shielding plate 1 4F with a height of about 
1mm or so, via lines 14b and 14c. This region is also supplied with the inert gas from the line 13A, and as a result 
oxygen absorbing the ultraviolet radiation Is effectively purged from this region. 

[0037] The inert gas passed through the region undemeath the shielding plate 1 4F is caused to flow into the foregoing 
space 14D and is then discharged to the outside of the ultraviolet exposure apparatus 14 through an evacuation port 
14E formed in the ultraviolet exposure apparatus 14. 

[0038] In the substrate processing apparatus of FIG.2. it is possible to control the movement and scanning of the 
ultraviolet source 14B by the robot 14C of the ultraviolet exposure apparatus 14, and as a result, it becomes possible 
to control the film thickness distribution at the time of fomiation of the oxide film on the surface of the substrate 12 by 
the ultraviolet-activated oxidation processing, by controlling the a ultravlolet radiation dose. Further, It should be noted 
that the controller 15 controls the driving of the ultraviolet source 14B. 

[0039] FIGS.3A - 3C are AFM images showing the substrate surface for the case a silicon substrate is introduced 
into the UV substrate processing apparatus 1 0 of FIG.2 after removal of native oxide film by conducting thereto an HF 
(DHF) processing as the substrate 11 , and a UV-Ng processing is conducted by supplying a nitrogen gas to the show- 
erhead 13 and driving the ultraviolet source 148 or a UV-O2 processing is conducted by supplying an oxygen gas to 
the showertiead 13 and driving the ultraviolet source 148, for the state in which a thermal annealing process Is con- 
ducted further In an Ar ambient at the temperature of 1175»C under the pressure of 1060Pa for 90 seconds Here it 
should be noted that FIG.3A shows a comparative example In which a planarization processing is conducted on a 
silicon substrate after the DHF cleaning process, without processing the substrate in the substrate processing appa- 
ratus 10. On the other hand, FIG.3B shows the result of the experiment in which a silicon substrate is processed In 
the substrate processing apparatus 1 0 under the pressure of about 2.66Pa (2 x 1 0r'^on) at the substrate temperature 
of 450»C while introducing an oxygen gas via the showerhead 1 3 with a flow rate of 1 50SCCM and driving the ultraviolet 
source 148 for 5 minutes. Further, FIG.3C shows the case in which a similar processing is conducted while introducing 
a nitrogen gas from the showertiead 13 in place of the oxygen gas. In the experiments of FIGS.3A - 3C a p(100) Cz 
wafer was used for the silicon substrate 11 . ■ r\ / 

[0040] In the experiments of FIGS.3A - 3C, the themial annealing process was conducted in a substrate processing 
apparatus 20 of cluster type shown in FIG.4 In which the substrate processing apparatus 10 of FIG.2 is coupled to a 
rapid thermal processing (RTP) chamber 22 having an infrared lamp heating unit via a vacuum transportation path 21 
Refemng to FIG.4, It can be seen that the substrate processing apparatus 20 further includes a substrate load/unload 
module 23 and a cooling module 24 coupled to the vacuum transportation path 21 . It should be noted that both of the 
substrate processing apparatus 10 of FIG.2 and the rapid thermal processing chamber 22 of FIG.4 use the process 
temperature and pressure commonly used in ordinary semiconductor manufacturing process and there is no need of 
conducting a special process such as hydrogen processing. Thus, these processing chambers can easily constitute a 
cluster-type substrate processing apparatus together with other substrate processing apparatuses 
[0041] Referring to FIGS.3A - 3C again, it can be seen that there are fonned a number of island-like projecting defects 
on the substrate surface in the case of FIGS.3A and SB. while in the case of FIG.3C, it will be noted that there is fomied 
no such fonnatlon of defects at all. In the AFM image of FIG.3C, it should be noted that the silicon substrate is inclined 
slightly in the [110] direction, and as a result of this microlnclination, it can be seen that' there is formed a strtjcture in 
which two domains, one defining a 2 x 1 atomic terrace and the other defining a 1 x 2 atomic terrace, are arranged 
alternately and the foregoing two domains fonn a single atomic step. In such a 2x 1 atomic terrace and 1 x 2 atomic 
terrace, it is known that the silicon atoms rearranged on the silicon (1 00) surface constitute array of dimers. Because 
the direction of the dimeis of the silicon atoms on one terrace crosses with the direction of the silicon atom dimers of 
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an adjacent terrace perpendicularly, the edge defining the steps becomes straight or zigzag depending on whether the 
step edge has large energy or small energy. 

[0042] The measurement of surface roughness conducted on the specimen of FIGS.3A and 3B has revealed that 

the average surface roughness Rms takes a value of 2.09nm and 1 .27nm, respectively. With regard to the maximum 
5 peak-valley amplitude PV, it was shown that the PV value becomes 16.1nm and 11 .7nm, respectively. In the case of 
the specimen of FIG.3C, on the other hand, a very small value of only O.HSnm was observed for the average surface 
roughness Rms. Further, it was confimned that the maximum peak-valley amplitude PV is reduced also to 1 .33nm. 
[0043] FIGS.5A - 5C show respectively the photoelectron spectra of C^g orbital and Sigp orbital obtained by conduct- 
ing an XPS analysis on the specimens of FIGS.3A - 3C. 
10 [0044] Referring to FIG.6A, it can be seen that there exists a predominant photoelectron peak con-esponding to the 
orbital caused by hydrocarbon contained in the air and adsorbed on the substrate surface during the process of 
transporting the substrate to the analyzer. Further, there Is observed a chemteal shift of the C.,s peak partially overlapped 
with the foregoing peak as represented by an arrow In the drawing, wherein It should be noted that this chemical shift 
is caused by the existence of an SIC bond. Further, it can be seen that a similar chemical shift is observed also in he 
15 spectrum of FIG.5B. In the case of FIG.5C, on the other hand, it can be seen that the spectrum is sharp, indicating 
that there is caused no fomnatlon of SIC bond in this specimen. 

[0045] From the observations noted above, it is concluded that the projecting island-like defects observed In FIGS. 
5A and 5B are fomied of SiC. It is believed that such SIC Is fomned as a result of reaction of carbon atoms, originating 
from an organic substance such as hydrocarbon contained in the air and adsorbed on the silicon substrate surface, 

20 with the silicon atoms in the silicon substrate during the thennal annealing process. 

[0046] The result of FIGS.3A - 3C indicates that the surface roughness of the substrate surface increases sharply 
in the case there exists SiC defects on the silicon substrate surface. It Is believed that such SiC defects cause pinning 
of the silicon atoms on the silicon substrate surface and the silicon atoms are prevented from moving along the substrate 
surface. Further, the foregoing result indicates also that, when such SiC defects are removed, there would occur a free 

25 movement of the silicon atoms even in the temperature and pressure conditions used in ordinary semiconductor proc- 
esses and that there would occur formation of atomic layer steps. 

[0047] FIGS.6A - 6D show AFM Images of the substrate surface for the case carbon on the substrate surface is 
removed at first in the substrate processing apparatus 30 of FIG.4 by conducting the UV-N2 processing and thereafter 
a thermal annealing process is conducted in the RTP apparatus 32 in an Ar ambient under the pressure of 1060Pa 

30 while changing the temperature variously. Here, it should be noted that FIG.6A shows the case in which the thennal 
annealing process is conducted at 1 050*'C for 90 seconds, while FIG.6B shows the case in which the thennal annealing 
process is conducted at 1 000^'C for 90 seconds. Further, FIG.6C shows the case in which the thermal annealing process 
is conducted at 950**C for 90 seconds, while FIG.6D shows the case in which the thermal annealing process Is con- 
ducted at 900**C for 90 seconds. 

35 [0048] Referring to FIGS.6A - 6D. it can be seen that there is achieved a remarkable improvement with regard to 
the surface roughness Rms and the maximum peak-valley amplitude PV in any of these cases as compared with the 
case of FIGS.3A and 3B explained previously. In the example of FIG.6A, It can be seen that the surface roughness 
Rms is 0.236nm, the peak-valley amplitude is 2.13nm, while in the example of FIG.6B, the surface roughness Rms is 
0.202nm while the maximum peak-valley amplitude is 3.43nm. In the example of FIG.6C, the surface roughness Rms 

40 is 0.1 05nm and the peak-valley amplitude is 1 .04nm. Further, in the example of FIG.6D, the surface roughness Rms 
is 0.141nm while the maximum peak-valley amplitude takes the value of 1 .45nm. Partteularly, it can be seen in the 
example of FIG.6C that both the surface roughness Rms and the maximum peak-valley amplitude are minimum and 
a clear atomic layer step is observed. Here, it should be noted that the experiments of FIGS.6A - 6D use the substrates 
of different lot with regard to the silicon substrates used in the experiments of FIGS.3A - 3C, and because of this, the 

45 direction of the microinclination is offset from the foregoing [110] direction. Because of this, the atomte layer is fomned 
in a cross-hatch pattern rather than the terrace pattem shown in FIG.3C. 

[0049] From the result of FIGS.6A - 6D, it is concluded that the themnal annealing process conducted for substrate 
planarization after the carbon removal process conducted by the UV-Ng processing is preferably conducted at the 
temperature near950°C. 

50 [0050] FIGS.7A • 7C are AFM images of the substrate surface for the case a silicon substrate is subjected to a 
themnal annealing process for planarization after conducting various preprocessing on the silicon substrate, wherein 
FIG.7A shows the case in which only a native oxide removal process is applied to the substrate surface by conducting 
a DHF process before conducting the planarizing thennal annealing process at 950**C. FIG.7B, on the other hand, 
shows the case in which a carbon removal process is conducted to the substrate surface in the substrate processing 

55 apparatus 10 of FIG.2 by the UV-O2 processing while supplying an oxygen gas to the showerhead 13 after the DHF 
processing and thereafter a thennal annealing process is conducted at 950**C for planarization. Further, FIG.7C shows 
the case in which the carbon removal processing is conducted on the substrate surface by the UV-Ng processing 
explained before after the DHF processing and a thennal annealing process for planarization is conducted thereafter 



8 



4 4enenAA4 i 



EP 1 469 509 A1 



10 



IS 



at 950**C. 

[00511 Referring to FIGS.7A-7C. it can be seen that the average surface roughness Rms takes the value of 0 196nm 
and the maximum peak-valley amplitude PV takes the value of 3.02nm In the case of FIG.7A In which only the DHF 
processing is conducted, while in the case of FIG.7B in which the UV-O2 processing is conducted, the average surface 
roughness Rms decreases to O.IBInm and the maximum peak-valley amplitude PV decreases to 1 69nm Further in 
the case of FIG.7C in which the UV-Ng processing is conducted, the average surface roughness Rms is reduced further 
to 0.131 nm and the maximum peak-valley amplitude is reduced to 1.66nm. 

[0052] In this way, it becomes possible to realize an extremely flat substrate surface even In the case the thermal 
annealing processing is conducted in an inert ambient such as Ar at the temperature of 950°C, by removina carbon in 
advance by conducting the UV-N2 processing. 

[0053] FIG.8 shows the effect of carbon removal from a silicon substrate surface by various processes 
[0054] Referring to FIG.8. a silicon substrate of 8-inch diameter generally carries an organic substance of about 
1200ng on the surface thereof in the case no carbon removal processing Is conducted. It can be seen that this organic 
substance is removed to some extent by conducting processing of ozone, oxygen or nitrogen. There, it will be noted 
that the processing by nitrogen is most effective, and the amount of the residual organics is reduced to 350ng with the 
processing for 15 seconds. With the processing for 30 seconds. It becomes possible to reduce the amount of the 
residual organics to 200ng. 
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below shows various bonding energy of carbon. 
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[00551 Referring to Table 1 , it will be understood that almost all the chemical bond of carbon can be cut by using an 
ultraviolet source having a wavelength of 1 72nm for the ultraviolet source 14B in the substrate processing apparatus 
10 of FIG.2. Further, it can be seen that energy sufficient to cut the carbon bond other than the double bond is obtained 
by using a mercury lamp having the wavelength of 254nm. Generally, it becomes possible to depolymerize the hydro- 
carbon polymer adsorbents adhered to a silicon substrate by irradiating ultraviolet radiation having a wavelength of 
270nm or less. By doing so, detachment of the adsoibent from the substrate surface is facilitated. 

(SECOND EMBODIMENT] 

OXIDE FILM FORMATION ON A PLANARIZED SUBSTRATE 

[0056] Next, the process of fomiing an extremely thin oxide film on such a planarized silicon substrate surface will 
be explained as a second embodiment of the present invention. 
[0057] FIG.9 shows the AFM image of FIG.7C in an enlarged scale. 

[00581 Referring to FIG.9, it can be seen that there are repeatedly fomned atomic layer steps extending generally 
parallel with each other on the silicon substrate surface as represented by dotted lines in the drawing with a generally 
constant interval. In the example of FIG.9, each atomic layer step has a height of 1 atomic layer (0.135nm). and the 
substrate is inclined slightly from the (1 00) surface with an angle of about COS". 

[00591 FIGS.10A and 10B show the formation of a thin oxide film 32 on such an inclined substrate surface 31 by an 
UV-O2 radial processing that uses the substrate processing apparatus 10 of FIG.2, wherein it should be noted that the 
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inclined substrate 31 of FIGS.10A and 10B models the silicon substrate of FIG.9. 

[0060] Referring to FIG. 1 0A. there are fonned atomic layer steps repeatedly on the silicon substrate surface, and 
the oxide film is formed so as to cover the ten-ace in each of the steps. In such a case where the silicon substrate 
surface is planarized to the atomic scale and atomic layer steps are appearing on the substrate surface, there appear 

5 Steps also on the surface of the oxide film 32 in correspondence to the atomic layer steps. Thus, by fomning a next 
oxide film 33 on the oxide film 32, the atomic layer steps are transferred further to the oxide layer 33 in the fomn of steps. 
[0061] In the case the substrate surface is planarized by polishing as represented in FIG.11 A, It should be noted that 
the substrate surface becomes microscopically irregular and only an irregular surface is obtained when the oxide film 
32 is fonned. In such a case, the in^egularity is enhanced further when the next oxide film 33 is grown on the oxide film 

10 32 as represented In FIG.11B. Thereby, there is caused remarkable variation in the thickness of the oxide film thus 
fonned. 

[0062] FIG. 12 shows an AFM image of an oxide film surface for the case an oxide film Is grown on the structure of 
FIG.9 according to the model of FIGS.1 OA and 1 0B with the thickness of 0.4nm, whteh corresponds to two-atomic layer 
thickness. Here, the oxide film of 0.4nm thickness was fomned by using the UV radical substrate processing apparatus 
15 10. 

[0063] Referring to FIG. 12, it can be seen that the oxide film surface shows clear steps con-esponding to the atomic 
layer steps of the underiying substrate. 

[0064] FIG.1 3 shows the relationship between the film thickness and oxidation time for the case a silicon oxide film 
is formed on a surface of a silicon substrate processed with the UV-Ng carbon removal processing explained before 
20 by using the substrate processing apparatus 10 of FIG.2. In the experiment, the substrate temperature was set at 
ASO^C and an oxygen gas was supplied to the showerhead 11 B while changing the ultraviolet radiation power and the 
oxygen gas flow rate or oxygen partial pressure variously. An excimer lamp having a wavelength of 1 72nm is used for 
the ultraviolet source 14B during the oxidizing processing. 

[0065] Referring to FIG.1 3, the data of Series 1 represents the relationship between the oxidation time and oxide 

25 film thickness for the case the ultraviolet radiation power is set to 5% of a reference power (50mW/cm2) at the window 
surface of the ultraviolet radiation source 14B and the process pressure Is set to 665mPa (5 mTorr) and further the 
oxygen gas flow rate is set to 30SCCM. On the other hand, the data of Series 2 represents the relationship between 
the oxidation time and oxide film thickness for the case the ultraviolet radiation power is set to zero, the process pressure 
is set to 133Pa (1 Torr) and the oxygen gas flow rate is set to 3SLM. The data of Series 3 represents the relationship 

30 between the oxidation time and oxide film thickness for the case the ultraviolet radiation power is set to zero, the 
process pressure is set to 2.66Pa (20 mTon-) and the oxygen gas flow rate Is set to 1 50SCCM, while the data of Series 
4 represents the relationship between the oxidation time and oxide film thickness for the case the ultraviolet radiation 
power Is set to 1 00% of the reference power, the process pressure Is set to 2.66Pa (20 mTon') and further the oxygen 
gas flow rate is set to 1 50SCCM. The data of Series 5 represents the relationship between the oxidation time and oxide 

35 film thickness for the case the ultraviolet radiation power is set to 20% of the reference power, the process pressure 
is set to 2.66Pa (20 mTorr) and the oxygen gas flow rate Is set to 1S0SCCM, while the data of Series 6 represents the 
relationship between the oxidation time and oxide film thickness for the case the ultraviolet radiation power is set to 
20% of the reference power, the process pressure is set to about 67Pa (0.5 Ton-) and further the oxygen gas flow rate 
Is set to 0.5SLM. Further, the data of Series 7 represents the relationship between the oxidation time and oxide film 

^ thickness for the case the ultraviolet radiation power is set to 20% of the reference power, the process pressure is set 
to 665Pa (5 Ton-) and the oxygen gas flow rate is set to 2SLM, while the data of Series 8 represents the relationship 
between the oxidation time and oxide film thickness for the case the ultraviolet radiation power is set to 5% of the 
reference power, the process pressure is set to 2.66Pa (20 mTon*) and the oxygen gas flow rate is set to 150SCCM. 
[0066] In the experiment of FIG.1 3, the thickness of the oxide film is obtained by an XPS analysis, in view of the fact 

45 that there is no standard process of obtaining the thickness of such an extremely thin oxide film having a film thickness 
less than 1 nm. 

[0067] In view of the situation noted above, the inventor of the present invention obtained a film thickness d of an 
oxide film by first obtaining a Sigp^^ XPS spectrum shown in FIG. 1 5 by applying, to an observed XPS spectrum of Slap 
orbital shown in FIG. 14, a background correction and separation correction for separating the 3/2 spin state and the 
so 1/2 spin state, and then obtaining the film thickness d from the Sigp^'^ xps spectrum thus obtained by using Equation 
(1 ) and associated coefficients below according to the teaching of Lu et al (Z. H. Lu, et al.. Appl. Phys. Lett. 71 (1 997), 
pp.2764), 

d=Xsina.ln[l''"'/(pl^)+1] (1) 
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X=2.96 



P=0.75 

[0068] In Eq.(1), it should be noted that a represents the detection angle of the XPS spectrum and is set to 30** In 
the illustrated example. Further, 1^+ in Eq. (1) represents an integral spectrum intensity (|1++|2+4.|3++|4+) of the oxide 
film and corresponds to the peak observed in the energy region of 102 - 104eV of FIG. 16. On the other hand, |0+ 
corresponds to the integral spectral peak intensity con-esponding to the energy region around lOOeV. wherein this 
spectral peak is caused by the silicon substrate. 

[0069] Referring to FIG.13 again, it will be noted that the oxide film thickness increases gradually from the initial 
thickness of Onm with the oxidation time for the case the ultraviolet radiation power, and hence the oxygen radical 
density fomried by the ultraviolet radiation, is set small (Series 1 , 2, 3, and 8). In the case of Series 4, 5, 6 and 7, in 
which the ultraviolet radiation power is set to 20% or more of the reference power, on the other hand, It can be seen 
that there appears a slowdown of oxide film growth after the start of the growth and when the oxide film has reached 
a thickness of about 0.4nm as represented in FIG.1 6. The growth of the oxide film is restarted only after a certain time 
has elapsed in the slowdown state. 

[0070] The relationship of FIG.13 or 16 means that there is a possibility of forming an extremely thin oxide film of 
the thickness of about 0.4nm stably in the oxidation process of a silicon substrate surface. Further, the fact that the 
slowdown state continues for some time as represented in FIG.1 6 indicates that the oxide film thus formed has a 
uniform thickness. Thus, according to the present invention, it is possible to fomi an oxide film having a thickness of 
about 0.4nm on a silicon substrate with unlfomri thickness. 

[0071] FIGS.17A and 17B schematically depicts the manner of oxide film fomiation on such a silicon substrate. In 
these drawings, it should be noted that the structure fomned on a (100) silicon substrate is very much simplified. 
[0072] Referring to FIG. 1 7A, it can be seen that two oxygen atoms are bonded to a single silicon atom at the surface 
of the silicon substrate, and thus, there is formed a single oxygen atomic layer. In this representative state, each silicon 
atom on the substrate surface are coordinated by two silicon atoms Inside the substrate and two oxygen atoms at the 
substrate surface, and there is formed a sub-oxide. 

[0073] In the state of FIG. 1 7B, on the other hand, each silicon atom at the uppennost part of the silicon substrate is 
coordinated with four oxygen atoms and takes the stable state of Si^. It is believed that this is the reason the oxidation 
proceeds fast in the state of FIG.1 7 A and slows down when the state of FIG.1 7B has appeared. The thickness of the 
oxide film for the state of FIG.1 78 Is about 0.4nm, while this value Is in good agreement with the oxide film thickness 
observed for the slowdown state in FIG.13. 

[0074] In the XPS spectrum of FIG.1 5, it should be noted that the weak peak observed in the energy range of 101 
- 104eV for the case the oxide film thickness is 0.1 or 0.2nm corresponds to the sub-oxide of FIG.1 7A. On the other 
hand, the peak appearing in this energy range for the case the oxide thickness has exceeded 0.3nm is thought as 
being caused by 814+ and indicating the formation of an oxide film exceeding the thickness of 1 atomic layer 
[0075] By continuing the oxidation process further from the state of FIG.1 7B, the thickness of the oxide film starts to 
Increase again. 

[0076] FIG.1 8 shows the construction of a semiconductor device 30 fomried by the substrate processing step ac- 
cording to the first embodiment of the present invention, wherein those parts of FIG.1 8 con-esponding to the parts 
described previously are designated by the same reference numerals and the description thereof will be omitted. 
[0077] Referring to FIG.1 8, the semiconductor device 30 is fomned on a silicon substrate 31 planarized to the degree 
that there appear atomic layer steps on the substrate surface and includes a base oxide film 32 formed on the silicon 
substrate 31 with a thickness of about 0.4nm con-esponding to the thickness of 2 - 3 atomic layers, a high-K dielectric 
film 33 of ZrSiOjj, and the like, formed on the base oxide film 32, and a gate electrode 34 of polysilicon, and the like, 
formed on the high-K dielectric film 33. 

[0078] FIG. 1 9 shows the construction of a substrate processing apparatus 20A of cluster-type used for the fabrication 
of the semiconductor device 30 of FIG.1 8, wherein those parts con-esponding to the parts described previously are 
designated by the same reference numerals and the description thereof will be omitted. 

[0079] Referring to FIG. 1 9. the cluster-type substrate processing apparatus 20A includes a vacuum transportation 
chamber 21 to which a substrate load/unload module 23 is coupled similarty to the cluster-type substrate processing 
apparatus 20 explained with reference to FIG.4 and a substrate processing apparatus 10 and a substrate processing 
apparatus 10A similar in constmction to the substrate processing apparatus 10 are coupled to the vacuum transpor- 
tation chamber 21 . Thereby, the substrate processing apparatus 10 Is used for conducting the UV-Ng processing ex- 
plained before while the substrate processing apparatus 1 0A is used to conduct the UV-Og processing. Further, a rapid 
themnal processing chamber 22, a CVD chamber 25 for depositing a high-K dielectric film and a cooling charnber 24 
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are coupled to the vacuum transportation channber 21 . 

[0080] The substrate introduced into the substrate loading/unloading module 23 is forwarded to the U V-N2 processing 
chamber 10 via the vacuum transportation path 21 for the carbon removal processing explained before. The substrate 
thus processed with the carbon removal process in the UV-N2 processing chamber 1 0is then forwarded to the rapid 

5 thermal processing chamber 22 for the atomic level planarization processing. 

[0081] The substrate thus subjected to the anomic-layer level planarization is then fonwarded to the UV-Og processing 
chamber 1 0A and a base oxide film similar to the oxide film 32 of FIG. 1 8 and having a thickness of about 4nm is f omied 
thereon. Further, the substrate thus fomned with the base oxide film is forwarded to the CVD chamber 25 and a high- 
K dielectric film such as ZrOa, HfOg, ZrSiO^, HfSiO^, TagOg, AI2O3, and the like, is deposited one atomic layer by one 

10 atomic layer by way of atomic layer deposition (ALD) process, for example. The substrate thus processed in the CVD 
chamber 25 is cooled in the cooling chamber 24 and is returned to the load/unload module 23. 
[0082] FIG.20 shows the relationship between a thenmal-oxide equivalent thickness Teq and leakage cunrent Ig for 
a laminated structure In which a ZrSiOx film is formed on the oxide film 32 of FIG.1 8 as the high-K dielectric film and 
an electrode film is formed further on the high-K dielectric film 34. Here, It should be noted that the leakage current 

15 characteristics of FIG.20 are measured in the state a voltage of Vft,-0.8V is applied across the electrode film and the 
silicon substrate, wherein is a flat-band voltage used for the reference. For the sake of comparison. FIG.20 also 
shows the leakage current characteristics of a thermal oxide film. Further, the illustrated equivalent thickness is for the 
structure including both the oxide film and the ZrSiO^ film. 

[0083] Referring to FIG.20, it can be seen that the leakage current density exceeds the leakage current density of 

20 the thermal oxide film in the case the oxide film is omitted and hence the film thickness of the oxide film is Onm. Further, 
it can be seen that the themrial-oxide film equivalent thickness also takes a large value of about 1 .7nm. 
[0084] Contrary to this, it can be seen that the themrial-oxide equivalent thtokness T^^ starts to decrease when the 
thickness of the oxide film is increased from Onm to 0.4nm. In such a state, the oxide film is Interposed between the 
silicon substrate and the ZrSiOx film, and thus, there should be caused an increase of physical thickness. The observed 

25 decrease of the equivalent thickness Teq is therefore contrary to this increase of physical thickness. This observation 
suggests the situation that, In the case the ZrSlOx film is formed directly on the silicon substrate, there occurs extensive 
diffusion of Zr into the silicon substrate or Si into the ZrSiOx film , leading to fomiatlon of a thick Interface layer between 
the silicon substrate and the ZrSiOx film. By interposing the oxide film 22 of 0.4nm thickness as represented In FIG. 
1 8. it is believed that the fomriation of such an interface layer is effectively suppressed and the decrease of the equivalent 

30 film thickness is achieved as a result. With this, the leakage current is reduced with increasing thickness of the oxide film. 
[0085] When the thickness of the oxide film 32 has exceeded 0.4nm, on the other hand, the value of the thermal- 
oxide equivalent thickness starts to increase again. In this region in which the thickness of the oxide film 32 has ex- 
ceeded 0.4nm, it can be seen that the value of the leakage current is decreased with Increase of the thickness, sug- 
gesting that the Increase of the equivalent thickness Is caused as a result of Increase of the physical thtekness of the 

35 oxide film. 

[0086] Thus, it can be seen that the oxide film thickness of about 0.4nm. In which there is caused slowdown of oxide 
film growth as observed in FIG, 13, con-esponds to the minimum of the equivalent thbkness of the system fonned of 
the oxide film and high-K dielectric film, and that the diffusion of metal element such as Zr Into the silicon substrate is 
effectively blocked by the stable oxide film 32 shown in FIG.1 8. Further, it can be seen that the effect of blocking the 
40 metal element diffusion is not enhanced significantly even when.the thickness of the oxide film is increased further. 
[0087] It should be noted that the value of the leakage cun-ent for the case of using the oxide film of the foregoing 
0.4nm thickness is smaller than the leakage cun-ent of a thennal oxide film having a corresponding thickness by the 
order of two. Thus, by using an Insulation film having such a structure for the gate insulation film of a MOS transistor, 
it becomes possible to minimize the gate leakage current, 
45 [0088] As a result of slowdown of the oxide film growth at the thickness of 0.4nm explained with reference to FIG. 
1 3 or FIG. 1 6, there occurs a slowdown of film thickness at the time of oxide film growth at the thickness of about 0.4nm 
as represented in FIG.21B even in the case there exists a change of film thickness or undulation in the initial oxide 
film 32 formed on the silicon substrate 21 as represented in FIG.21 A. Thus, by continuing the oxide film growth during 
the slowdown period, it becomes possible to obtain an extremely flat oxide film 32 of uniform film thickness as repre- 
ss sentedin FIG.21C. It should be noted that FIGS.21 A- 21 C show the oxide film growth occumng in each of the ten-ace 
surfaces of the silicon substrate 31 of FIG.1 8. 

[0089] As explained before, there is no standard measuring method of film thickness for such an extremely thin oxide 
film at the moment. Thus, a different value may be obtained for the film thickness of the oxide film 32 of FIG.21 C when 
a' different measuring method Is used. However, because of the reason explained before, it is detemnined that the 
55 slowdown of oxide film growth occurs at the thickness of two atomic layers. Thus. It is thought that the preferable 
thickness of the oxide film 32 Is about two atomic layers. It should be noted that this preferable thickness includes also 
the case In which the oxide film 32 includes a region of 3 atomic layers in a part thereof such that the thickness of two 
atomic layers is maintained for the entirety of the oxide film 32. Thus, it is concluded that the preferable thickness of 
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the oxide film 32 is in the range of 2 - 3 atomic layers. 

[0090] Thus, the silicon oxide film having the thickness of 0.4nm or 2 - 3 atomic layere can be formed stably and 
with excellent reproducibility. By combining such a silicon oxide film with a high-K dielectric film. It becomes possible 
to realize a highly miniaturized high-speed MOS transistor having a gate insulation film wherein the effective thickness 
5 thereof is reduced. 

[0091] While the embodiment above was explained with reference to the oxide film 32 formed by the UV-Og radical 
oxidation process, the oxide film 32 is not limited to such an oxide film but any other oxide film can be used as long as 
the oxide film Is fomried by an oxidation process In which the oxidation is conducted with high precision with low radical 
density. 

10 [0092] FIG.22 is a diagram explaining the condition of radical oxidation processing conducted in the UV-Og process- 
ing chamber 10A of FIG. 19. 

[0093] Referring to FIG.22, the horizontal axis shows a logarithmic representation of the partial pressure of the oxygen 
radicals excited by the ultraviolet source in tenns of Torn Further, the vertical axis represents the process time until the 
slowdown phenomenon shown in FIG. 13 appears after the start of the processing and also the process time until such 
IS a slowdown phenomenon vanishes,. in temns of logarithmic scale. It should be noted that the oxygen partial pressure 
on the horizontal axis con-esponds to the oxygen radical density and Is determined by the driving power or ultraviolet 
radiation power of the ultraviolet source 324B and the ultraviolet wavelength. 

[0094] Hereinafter, the relationship between the ultraviolet radiation power and the radical density will be explained 
for the case of using the wavelength of 172nm. 

20 [0095] In the experiment of FIG. 1 3, the ultraviolet source produces a photon flux of 4.34 x 1 Qie/cm^-sec in the case 
a ultraviolet source producing the ultraviolet radiation power of 50mW/cm2 at the location right underneath the window 
in the state of 100% driving state is used for the ultraviolet source and an oxygen gas is supplied to the substrate 
surface with a flow rate of 150 SCCM under the process pressure of 0.02 Ton- (2.26Pa). Assuming the case of using 
a tubular lamp having a width of 2cm for the optical source 323 and in-adiating a silicon wafer of 20cm diameter with 

25 such a lamp, the average photon flux on the silicon wafer surface becomes 4.34 x 1 0'^^cm-^, which is about 1/1 0 the 
photon flux value noted before. 

[0096] On the other hand, it is known that an oxygen molecule has an absorption cross-sectional area of 6 x 1 0-'^^cm^ 
with regard to the ultraviolet radiation of the 1 72nm wavelength. Thus, the transmittance of the ultraviolet radiation in 
the process ambient, which is given by the equation l/lo=exp(-onx), is obtained as 0.991 6. Here, it Is assumed that the 

30 process pressure is 0.02 Torr (2.66Pa) and the gas molecule density n in the process ambient is assumed to be 7.05 
X :1 O^^cm-3. Further, it is assumed that the ultraviolet radiation propagates the distance of 20cm in the processing vessel. 
[0097] Thus, the amount of the radicals corresponding to the absorption of the ultraviolet radiation propagating in 
the processing vessel 321 for the distance'of 20cm is evaluated to be 3.65 x 10i3cm-2.sec by multiplying the factor of 
0.0084 to the foregoing value of the photon flux of 4.34 x 1 0i5cm-2, and oxygen radicals are formed in the processing 

35 vessel with this rate. 

[0098] On the other hand, the flux of the oxygen gas in the processing vessel becomes 7.98 x 10*3 cc/cm2.sec In 
tenro of volume in the standard state, assuming that the showerhead has the area of 31 4cm2. in tenns of the number 
of molecules, this value is converted to the value of 2.138 x lO^^cm-S-sec. Thus, from the ratio of the flux values of 
3.65 x 1 013/2.138 x 1 0^7= 1 .71 x 10-*. the partial pressure of the oxygen radicals fomned under the process pressure 

^0 of 0.02 Torr (2.66Pa) is obtained as 3.42 x 1 Torr (=1 .71 x 1 0'** x 0.02). 

[0099] Thus, It is evaluated that the concentration of the oxygen radicals fomied In the processing vessel 321 be- 
comes about 3.42 x 10-6 Torr (4.54 x 10-4Pa) In the case of the optical power of 100% and the process pressure 
(=internal pressure of the processing vessel) of 0.02 Torr (2.66Pa). By conducting similar procedures, the radical density 
is calculated also for other various conditions. 

45 [01 00] Referring to FIG.22, it can be seen that the slowdown effect appears immediately after the start of the process 
similarly to the case of FIG. 13 in the event the radical density In the processing vessel is large. In the case the radical 
density Is small, on the other hand, the slowdown phenomenon appears after a long time has elapsed after start of the 
process. This con^esponds to the situation that the growth rate of the oxide film is large in the case of large radical 
density and the stationary thickness of 0.4nm is reached in short time, while in the case the radical density is small, it 

50 takes a long time until the foregoing stationary thickness of 0.4nm is achieved because of the small oxide film growth 
rate. 

[0101] Simllariy. the slowdown duration defined as the duration after the appearance of the slowdown phenomenon 
up to the vanishing of the slowdown phenomenon changes also with the radical density such that the slowdown duration 
is decreased when the radical density is large and is increased when the radical density is small. 
55 [0102] From the viewpoint of the actual process of semiconductor device production, there occurs a problem of 
decrease of fabrication throughput when the process time until the occurrence of the foregoing slowdown effect is too 
long. Thus, there should be a lower limit for the radical density. On the other hand, when the duration of the slowdown 
phenomenon is too short, it becomes difficult to form the oxide film of desired thickness of 2 - 3 atomic layers. Thus, 
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there is an upper limit for the radical density. 

[0103] From FIG.22, which shows the example of conducting the oxidation of the substrate at 450*'C by the radical 
oxidation process while using the ultraviolet radiation of the 1 72nm wavelength, it can be seen that the lower limit of 
the radical partial pressure is determined to be 1 x 1 0"^ mTorr (1 33 x 1 0'^ Pa) assuming that the tolerable process time 

5 Is 5 minutes (300 seconds) or less. Further, the upper limit of the radical partial pressure is determined to be 1 mTon- 
(1 .33 X 1 0"3Pa) assuming that the necessary slowdown Interval Is 1 00 seconds or more. The ultraviolet radiation power 
corresponding to this is detemnined to be 5 - 50mW-cm-2 in the region right underneath the optical source 14B. 
[0104] In FIG .22, it may seem that the interval between the two lines respectively defining the appearance and 
vanishing of the slowdown phenomenon is decreased with the radical partial pressure. This, however, is merely an 

10 apparent effect caused by the fact that the vertical axis and the horizontal axis of FIG.22 are represented with logarithmic 
scale. The duration of the stationary interval Is In fact decreased with the radical partial pressure. In the foregoing 
UV-O2 processing, it Is preferable to set the oxygen partial pressure to fall in the range of 6.65 x 1 0-3Pa - 1 33Pa (0.05 
- 1000 mTon-), more preferably the range of 1.33 - 13.3Pa (10-100 mTorr). 

[0105] It Is also possible to conduct the radical oxidation process conducted by using the substrate processing ap- 
15 paratus 320 of FIG.51 also by using ultraviolet radiation of other wavelengths. In this case, it is necessary to change 
the drive energy of the ultraviolet source 324B or the ambient gas composition in order to realize the foregoing radical 
density of 1 x 10*^ mTon- (1 .33 x lO-^mPa) or more but not exceeding 1 mTorr (133mPa). 

[01 06] For example, In the case of using an ultraviolet radiation source of 146nm wavelength forthe ultraviolet source, 
It is necessary to set the oxygen partial pressure to the range of 0.05 - 50 mTon- (6.7mPa - 6.7Pa) in view of the large 
20 optical absorption larger by 25 times as compared with the case of the wavelength of 1 72nm. 

[THIRD EMBODIMENT] 

NITRIDATION OF OXIDE FILM 

25 

[01 07] Meanwhile, it Is advantageous to introduce nitrogen into the base oxide film 3 as noted before in the case the 
oxide film thus f omied with the thickness of 2 - 3 atomic layers Is to be used for the base oxide film 3 of the ultrahigh- 
speed MOS transistor as represented In FIG.1 . Here, the nitrogen atoms should not enter the silicon substrate. Further, 
the planarity of the interface between the silicon substrate 2 and the base oxide film 3 should not be degraded. 
30 [0108] Hereinafter, the nitridation processing of the oxide film according to a third embodiment of the present invention 
will be described. 

[01 09] FIG.23 shows the general construction of a substrate processing apparatus 40 according to the third embod- 
iment of the present invention for fomning the extremely thin base oxide film 12 on the silicon substrate 11 together 
with the oxynltride film 1 2A. 

35 [01 1 0] Referring to FIG.23, the substrate processing apparatus 40 includes a processing vessel 41 accommodating 
therein a stage 42 equipped with a heater 42A such that the stage 42 Is movable vertically between a process position 
and a substrate load/unload position. The stage 42 Is rotated by a drive mechanism 42C, and the processing vessel 
41 defines a process space 41 B therein together with the stage 42. Further, there is provided a magnetic seal 48 at 
the connecting part of the stage 42 and the drive mechanism 42C such that the magnetic seal 48 separates a magnetic 

40 seal chamber 42B held in a vacuum environment from the drive mechanism 42C formed in the atomic environment. 
Because the magnetic seal 48 is a liquid, the stage 42 Is held so as to be able to rotate freely. 
[01 1 1] In the Illustrated state, the stage 42 is held at the process position and there is fomied a load/unload chamber 
410 underneath the stage 42 for loading and unloading.the substrate. The processing vessel 41 Is connected to a 
substrate transfer unit 47 via a gate valve 47A, and thus, the substrate W is transported to the stage 42 from the 

45 substrate transfer unit 47 via the gate valve 47A In the state that stage 42 has been lowered to the load/unload chamber 
41 C. Further, the processed substrate W Is transfered to the substrate transfer unit 47 from the stage 42. 
[01 12] In the substrate processing apparatus 40 of FIG.23, there is fomied an evacuation port near the gate valve 
47A of the processing vessel 41 , and a turbo molecular pump 43B is connected to the evacuation port 41 A via the 
valve 43A. The turtDo molecular pump 43B Is further connected to a pump 44 fomied of a dry pump and a mechanical 

so booster pump via a valve 430, and the pressure inside the process space 41 B can be reduced to the level of 1 .33 x 
1 0"** - 1 .33 X 1 0-'^Pa (1 0-3 - 1 0-6 Torr) by driving the turiao molecular pump 43B and the dry pump 44. 
[01 1 3] It should be noted that the evacuation port 41 A Is connected also to the pump 44 directly via a valve 44A and 
an APC 44B, and thus, the pressure of the process space is reduced to the level of 1 .33Pa - 1 .33kPa (0.01 - 1 00 Torr) 
by the pump 44 when the valve 44A Is opened. 

55 [0114] The processing vessel 41 Is provided with a process gas supplying nozzle 41 D at the side opposite to the 
evacuation port 41 A across the substrate W, and an oxygen gas Is supplied to the process gas supplying nozzle 41 D. 
The oxygen gas thus supplied to the process gas supplying nozzle 41 D Is caused to flow In the process space 418 
along the surface of the substrate W and is evacuated from the evacuation port 41 A. In order to activate the process 
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gas thus supplied from the process gas supplying nozzle 41 D and to fomri oxygen radicals, the substrate processing 
apparatus 40 of FIG,23 is provided with an ultraviolet optical source 45 having a quartz window 45A on the processing 
vessel 21 In correspondence to the region located between the process gas supplying nozzle 41 D and the substrate 
W. Thus, by driving the ultraviolet source 45, the oxygen gas introduced in to the process space 41 B from the process 
gas supplying nozzle 41 D is activated, there are fonned oxygen radicals and the oxygen radicals thus formed are 
caused to flow along the surface of the substrate W. As a result, it becomes possible to form a radical oxide film on 
the surface of the substrate W with a thickness of 1 nm or less, particularly with the thickness of about 0.4nm, which 
corresponds to the thickness of 2 - 3 atomic layers. 

[01 15] Further, the processing vessel 41 is provided with a remote plasma source 46 at the side thereof opposite to 
the evacuation port 41 A with respect to the substrate W. Thus, nitrogen radicals are fomied by supplying a nitrogen 
gas to the remote plasma source 46 together with an inert gas such as Ar and by activating the nitrogen gas thus 
supplied with plasma. The nitrogen radicals thus formed are caused to flow along the surface of the substrate W and 
causes nitridation of the substrate surface. By Introducing oxygen into the remote plasma source 46 in place of nitrogen , 
it is also possible to oxidize the substrate surface. 

[0116] In the substrate processing apparatus 40 of FIG.23, there is provided a purge gas line 41c for purging the 
load/unload chamber 41 C with a nitrogen gas. Further, there is provided a purge line 42b for purging the magnetic seal 
chamber 42B with a nitrogen gas and an evaluation line 42c of the purge gas. In more detail, the evacuation line 42c 
is connected to a turbo molecular pump 49B via a valve 49A, and the turbo molecular pump 49B is connected to the 
pump 44 via a valve 49C. Further, the evacuation line 42c is connected directly to the pump 44 via a valve 49D. With 
this, it becomes possible to maintain the magnetic seal chamber 42B at various pressures. 

[01 1 7] The load/unload chamber 41 C is evacuated by the pump 44 via the valve 44C or by the turbo molecular pump 
43B via the valve 43D. Further, In order to avoid contamination in the process space 41 B, the load/unload chamber 
41 C is held at a lower pressure than the process space 41 B, and the magnetic seal chamber 41 B is held at a further 
lower pressure than the load/unload chamber 41 C by a conducting differential evacuation process. 
[0118] Hereinafter, the ultraviolet radical oxidation process and the remote plasma radical nitridation process con- 
ducted subsequently to the radical oxidaltion process on the surface of the substrate W by using the substrate process- 
ing apparatus 40 of FiG.23 will be explained. 

ULTRAVIOLET RADICAL OXIDATION PROCESSING 

[01 1 9] FIGS.24A and 24B are diagrams showing the radical oxidation process of the substrate W by using the sub- 
strate processing apparatus 40 of FIG.23 respectively in a side view and a plan view. 

[0120] Referring to FIG.24A, a silicon substrate applied with the carbon removal processing and planarization 
processing explained with reference to the previous embodiment is introduced into the processing vessel 41 as a 
substrate W to be processed; and an oxygen gas is supplied to the process space 41 B from the process gas supplying 
nozzle 41 D. 

[0121] Oxygen thus supplied is evacuated, after flowing along the surface of the substrate W, via the evacuation port 
41 A, turbo molecular pump 43B and the pump 44. By using the turbo molecular pump 43B, the process pressure in 
the process space 41 B is set to the level of 1 x 10-3 - io-6 jorr, which is needed for the oxidation of the substrate by 
oxygen radicals. Simultaneously to this, the ultraviolet source 45, preferably the one that produces ultraviolet radiation 
of 1 72nm wavelength, Is activated, and oxygen radicals are formed in the oxygen gas flow thus formed. The oxygen 
radicals thus formed cause oxidation of the substrate surface as they are caused to flow along the rotating substrate 
W. Thus, as a result of the oxidation of the substrate W by the ultraviolet-activated oxygen radicals (referred to here- 
inafter as UV-O2 processing), a very thin oxide film having a thickness of 1 nm or less, particulariy the thickness of 
about 0.4nm corresponding to the thickness of 2 - 3 atomic layers, is fomned on a surface of a silicon substrate stably 
and with excellent reproducibility. 

[0122] FIG,24B shows the construction of FIG.24A in a plan view. 

[0123] Referring to FIG.24B, it can be seen that the ultraviolet source 45 is a tubular light source extending in the 
direction crossing the direction of the oxygen gas flow. Further, it can be seen that the turtDO molecular pump 23B 
evacuates the process space 41 B via the evacuation port 41 A. Further, it should be noted that the evacuation path, 
designated in FIG.24B by a dotted line and extending directly from the evacuation port 41 A to the pump 44, Is closed 
by closing the valve 44A. 

[0124] As can be seen from the plan view of FIG.24B. the turbo molecular pump 23B is provided in an an-angement 
so as to extend laterally from the processing vessel. Thereby, the turbo molecular pump 43B successfully avoids the 
substrate transfer unit 47. 

[0125] As a result of the substrate processing of FIGS.24A and 24B, a very thin silicon oxide film is formed on the 
surface of the silicon substrate W in con-espondence to each of the terraces shown in FIG.18. At the time of growth of 
such a silicon oxide film, there appears the slowdown phenomenon explained previously with reference to FIGS. 13 or 
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FIG. 1 6, and thus, it becomes possible to set the thickness of the oxide f ilnn to the thiclcness of about 0.4nm correspond- 
ing to 2 - 3 atomic layers by utilizing such a slowdown phenomenon as explained before. 

REMOTE PLASMA RADICAL NITRIDATION PROCESSING 

5 

[0126] FIG.25 shows the construction of a remote plasma source 46 used In the substrate processing apparatus 40 
of FIG.23. 

[01 27] Referring to FIG.25, the remote plasma source 46 Includes a block 46A typically fomied of aluminum in which 
a gas circulating passage 46a is formed together with a gas Inlet 46b and a gas outlet 46c communicating therewith. 
10 Further, there is formed a ferrite core 46B on a part of the block 46A. 

[01 28] Further, there is provided a f luorocarbon resin coating 46d on the inner surfaces of the gas circulating passage 
46a, gas inlet 46b and the gas outlet 46c, and plasma 46C is formed in the gas circulating passage 46a by supplying 
a high-frequency power of 400kHz frequency to the coil wound around the ferrite core 46B. 

[0129] With the excitation of the plasma 46C, nitrogen radicals and also nitrogen ions are fonned in the gas circulating 
15 passage 46a. wherein the nitrogen ions are annihilated as they are circulated along the circulating passage 46a and 
the gas outlet 46c ejects nitrogen radicals Ng* primarily. In the construction of FIG.25, charged particles such as nitrogen 
ions are eliminated in the construction of FIG.25 by providing an ion filter 46e at the gas outlet 46c in the state that the 
ion filter 46e is connected to the ground. Thereby, only the nitrogen radicals are supplied to the process space 41 B. 
[0130] FIG.26 shows the relationship between the number of ions and the electron energy formed by the remote 
20 plasma source 46 of FIG.25 in comparison with the case of using a microwave plasma source. 

[0131] Referring to FIG.26, ionization of nitrogen molecules is facilitated in the case.the plasma is excited by a mi- 
crowave power, and as a result, there are formed a very large amount of nitrogen ions. In the case the plasma is excited 
by a high-frequency power of 500kHz or less in the frequency, on the other hand, the number of the nitrogen ions 
formed by the plasma is reduced significantly. In the case of conducting a microwave plasma processing, a high vacuum 
25 environment of 1 .33 x lO'^ - 1 .33 x IQ-^Pa (10-1 - lO"** Ton-) is needed, while In the case of a high-frequency plasma 
process, the process can be conducted at a relatively high pressure of 13.3 - 13.3kPa (0.1 - 100 Torr). 
[01 32] Table 2 below compares the ionization energy conversion efficiency, pressure range capable of causing elec- 
tric discharge, plasma power consumption and process gas flow rate between the case of exciting plasma by a micro- 
wave and the case of exciting plasma by a high-frequency power. 

30 

Table 2 





ionization energy 
conversion efficiency 


pressure range 
causing electric 
discharge 


plasma power 
consumption 


process gas flow rate 


microwave 


1.00x10-2 


0.1m - O.ITorr 


1 - 500W 


0-100SCCM 


RF-wave 


1.00x10-7 


0.1 - lOOTorr 


1 -lOkW 


0.1 -10SLM 



[0133] Referring to Table 2, It can be seen that the ionization energy conversion efficiency is reduced to about 1 x 
10-7 in the case of the RF-excited plasma as compared with respect to the value of about 1 x 10-2 for the case of the 
microwave-excited plasma. Further, it can be seen that the pressure range causing the electric discharge is about 0.1 
- 1 00 Torr (1 3.3Pa - 1 3.3kPa) for the case of the RF-excited plasma, while in the case of the microwave-excited plasma, 
the pressure range is about 0.1 mTorr - 0. 1 Ton^ (1 33m Pa - 1 3.3Pa). Associated with this, the plasma power consumption 
is increased In the case of the RF-excited plasma as compared with the case of the riiicrowave-exclted plasma and 
that the process gas flow rate'f or the case of the RF-plasma processing becomes much larger than the process gas 
flow rate for the case of the microwave plasma. 

[01 34] In the substrate processing apparatus of FIG.23, it should be noted that the nitridation processing of the oxide 
film is conducted not by nitrogen Ions but by the nitrogen radicals N2*. Thus, it is preferable that the number of the 
excited nitrogen ions is suppresses as small as possible. This is also preferable in the viewpoint of minimizing damages 
caused in the substrate. In the substrate processing apparatus of FIG.23, the number of the excited nitrogen radicals 
is small and is highly suitable for nitriding the extremely thin base oxide film fonned undemeath the hIgh-K dielectric 
gate insulation film with the thickness of only 2 - 3 atomic layers. 

[01 35] FIGS.28A and 28B show the radical nitridation processing conducted by the substrate processing apparatus 
40 of FIG.23 respectively in a side view and a plan view. 

[01 36] Referring to FIGS.28A and 28B, the remote plasma radical source 46 is supplied with an Ar gas and a nitrogen 
gas and nitrogen radicals are fonned as a result of excitation of plasma with the high frequency power of several 
hundred kilohertz frequency. The nitrogen radicals thus formed are caused to flow along the surface of the substrate 
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W and are evacuated via the evacuation port 41 A and the pump 44, As a result, the process space 41 B is held at a 
process pressure in the range of 1 .33Pa - 1 .33kPa (0.01 - 1 0 Torr) suitable for the radical nitridation of the substrate 
W. The nitrogen radicals thus fomied cause nitridation In the surface of the substrate W as they are caused to flow 
along the surface of the substrate W. 

[0137J In the nitridation process of FIGS.28A and 28B, it should be noted that there is conducted a purging process 
in advance to the nitridation process by opening the valves 43A and 43C and closing the valve 44A. Thereby, the 
pressure in the process space 41 B is reduced to the level of 1 .33 x 1 0 '' - 1 .33 x 1 0-^Pa, and any residual oxygen or 
water In the process space is purged. In the nitridation processing that follows, on the other hand, the valves 43A and 
43C are closed, and th us, the turbo molecular pump 438 is not included in the evacuation path of the process space 4tB; 
[0138] Thus, by using the substrate processing apparatus 40 of FIG.23, It becomes possible to form an extremely 
thin oxide film on the surface of the substrate W and further nitriding the surface of the oxide film thus formed. 
[0139] FIG.29A shows the nitrogen concentration profile in an oxide film for the case the oxide film formed on a 
silicon substrate by a themial oxidation process with a thickness of 2.5nm Is subjected to an RF-N2 processing in the 
substrate processing apparatus 40 of FIG.23 by using the RF remote plasma source 46 of FIG.25 under the condition 
represented in Table 3. Further, FIG.29B shows the relationship between the nitrogen concentration profile and the 
oxygen concentration profile in the same oxide film. 



Table 3 



20 



25 



30 



40 



45 



50 



55 





nitrogen flow rate 


Ar flow rate 


plasma power 


pressure 


temperature 


microwave 


15SCCM 




120W 


8.6mTorr 


500*»C 


RF wave 


50 SCCM 


2SLM 


2kW 


1Torr 


700*»C 



[0140] Referring to Table 3, the RF-N2 processing is conducted in the substrate processing apparatus 40 under the 
pressure of 1 Ton- (1 33Pa) while supplying nitrogen with a flow rate of 50SCCM and Ar with a flow rate of 2SLM , wherein 
it should be noted that the internal pressure of the process space 41 B Is reduced once to the level of about 1 0*6 Ton- 
(1 .33 X 1 0-4pa) before the commencement of the nitridation process such that oxygen or water remaining in the process 
space 41 B is purged sufficiently. Because of this, any residual oxygen in the process space 41 B is diluted with Ar or 
nitrogen in the nitridation process (RF-Ng process), which is conducted at the pressure of about 1 Torr. Thereby, the 
concentration of residual oxygen, and hence the themnodynamic activity of the residual oxygen, is very small at the 
time of the foregoing nitridation processing. 

[0141] In the case of the nitridation processing conducted by the microwave plasma, on the other hand, the process 
pressure at the time of the nitridation process Is generally the same as the purging pressure, and thus, residual oxygen 
maintains a large thennodynamic activity In the plasma ambient. 

[0142] Referring to FIG.29A, it can be seen that the concentration of nitrogen incorporated into the oxide film is 

limited In the case the nitridation processing is conducted by the microwave plasma and that no substantial nitridation 

takes place in the oxide film. In the case of the nitridation processing that uses the RF-excited plasma as in the case 

of the present embodiment, it can be seen that the nitrogen concentration level changes lineariy with depth in the oxide 

film and that a concentration level of near 20% Is achieved at the surface part of the oxide film. 

[01 43] FIG.30 shows the principle of the measurement of FIG.29A conducted by the XPS (X-ray photo spectrometry) 

analysis. 

[0144] Referring to FIG.30, an X-ray Is radiated to the specimen in which the oxide film 3 is formed on the silicon 
substrate 2 with a predetemriined angle, and detectors DET1 and DET2 are used to detect the spectrum of the excited 
X-rays with various angles. Thereby, it should be noted that the detector DET1 set to a deep detection angle of 90 
degrees detects the excited X-ray that has traveled through the oxide film 12 with minimum path length. Thus, the X- 
ray spectmm detected by the detector DET1 contains information about the deep part of the oxide film 3 with relatively 
large proportion. On the other hand, detector DET2 set to a shallow detection angle detects the X-ray traveled over a 
long distance in the oxide film 3. Thus, the detector DET2 mainly detects the Infomiation about surface part of the 
oxide film 3. 

[0145] FIG.29B shows the relationship between the nitrogen concentration and oxygen concentration in the oxide 
film. In FIG.29B, It should be noted that the oxygen concentration is represented by the X-ray intensity corresponding 
to the 0^s°rt)'ta'- 

[0146] Referring to FIG.29B, it can be seen that there occurs decrease of oxygen concentration with increase of 
nitrogen concentration In the case the nitridation processing is conducted by the RF-N2 processing that uses the RF- 
remote plasma, indicating that there occurs substitution of oxygen atoms with the nitrogen atoms in the oxide film. In 
the case the nitridation is conducted by the microwave plasma processing, on the other hand, no such substituting 
relationship is observed and no relationship of oxygen concentration decreasing with increasing nitrogen concentration 
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is observed. In FIG.29B. it is also noted that there is an increase of oxygen concentration for the case in which nitrogen 
is incorporated with 5 - 6% by the microwave nitridation processing. This indicates that there occurs Increase of thiclc- 
ness of the oxide film with nitridation. Such an Increase of the oxygen concentration associated with the microwave 
nitridation processing is believed to be caused as a result of the high activity of oxygen or water remaining in the 
5 process space, which in turn is caused as a result of use of high vacuum environment for the nitridation processing 
and absence of dilution of residual oxygen or water with Ar gas or nitrogen gas. unlike the case of the high-frequency 
remote radical nitridation processing. 

[0147] FIG.31 shows the relationship between the nitridation time and the nitrogen concentration in the film for the 
case an oxide film is fomied by the substrate processing apparatus 40 of FIG.33 to the thickness of 4A (0.4nm) and 

10 7A (0.7nm) and nitridation is conducted further to the oxide film by the RF-N2 processing of FIGS.28A and 28B while 
using the remote plasma source 26. Further. FIG.32 shows the segregation of nitrogen to the surface of the oxide film 
caused as a result of the nitridation processing of FIG.31 . It should be noted that FIGS.31 and 32 also show the case 
in which the oxide film is fomied by a rapid thermal oxidation processing to the thickness of sA (0.5nm) and 7A (0.7nm). 
[0148] Referring to FIG.31 , it can be seen that the nitrogen concentration in the film increases with the nitridation 

15 time in any of the oxide films, while it is also noted that, because of the small oxide thickness such as 0.4nm corre- 
sponding to the two atomic layer thickness for the case of the oxide film fomried by the UV-Og oxidation processing, 
or for the case of the thennal oxide film having a thickness of 0.5nm near the foregoing thickness of 0.4nm, a higher 
nitrogen concentration is achieved as compared with oxide f linns fomied at the same condition. 
[0149] FIG.32 shows the result of detection of nitrogen concentration for the case the detectors DET1 and DET2 of 

20 FIG.30 are set to 30 degrees and 90 degrees respectively. 

[01 50] As can be seen from FIG.32, the vertical axis represents the X-ray spectral intensity from the nitrogen atoms 
segregated to the film surface obtained with the detection angle of 30 degrees divided by the X-ray spectral intensity 
of the nitrogen atoms distributed throughout the entire film. In the case this value is 1 or more, there is caused segre- 
gation of nitrogen to the film surface. 

25 [0151] Referring to FIG.32, it can be seen that there occurs segregation of the nitrogen atoms to the film surface at 
first but thereafter the distribution of the nitrogen atoms In the film becomes unifomn In the case the oxide film is f onmed 
by the UV-Og processing to the thickness of 7A. In other films, too, It can be seen that the distribution of the nitrogen 
atoms in the film becomes more or less uniform with the nitridation processing for 90 seconds. 
[0152] In the experiment of FIG.33, the UV-O2 processing and the RF-N2 processing are applied in the substrate 

30 processing apparatus 40 of FIG.23 repeatedly with respect to ten wafers (wafer #1 - wafer #10). FIG.33 shows the 
wafer-to-wafer variation of the film thickness of the oxynitride film thus obtained, wherein the result of FIG.33 is obtained 
for the case in which the UV-O2 processing is conducted in the construction of FIG.23 by driving the ultraviolet source 
45 such that an oxide film is formed to have the thickness of 0.4nm as measured by the XPS analysis and in whtoh 
the RF-Ng processing is conducted to the oxide film thus fomied by driving the remote plasma source 46 such that the 

35 oxide film is converted to an oxynitride film containing nitrogen atoms with about 4%. 

[01 53] Referring to FIG.33, the vertical axis represents the film thickness obtained for the oxynitride film thus obtained 
by ellipsometry, wherein it can be seen that the film thickness is uniform and has a value of about sA (0.8nm). 
[01 54] FIG.34 shows the result of examination with regard to the increase of film thickness for the case an oxide film 
is formed on a silicon substrate in the substrate processing apparatus 40 of FIG.23 with the thickness of 0.4nm by the 

40 UV-O2 processing while using the ultraviolet source 45 and further an RF-N2 processing is applied to the oxide film 
thus fomned while using the remote plasma source 46. 

[0155] Referring to FIG.34, it can be seen that the oxide film has increased the thickness thereof from the initial 
thickness (the thickness in the state before the RF-N2 processing) of 0.38nm to about O.Snm In the state nitrogen atoms 
are introduced by the RF-N2 processing with the concentration of 4-7%. In the case the nitrogen atoms are introduced 
45 to the level of about 15% by the RF-N2 processing, on the other hand, it can be seen that the film thickness increases 
to about 1 .3nm. In this case, it Is believed that the nitrogen atoms thus introduced into the oxide film form a nitride film 
by causing penetration Into the silicon substrate after passing through the oxide film. 

[0156] In FIG.34, the relationship between the nitrogen concentration and film thickness is represented also for an 
ideal model structure in which only one layer of nitrogen atoms are introduced into the oxide film of 0.4nm thickness by A 

50 [0157] Referring to FIG.34, it can be seen that the film thickness after introduction of the nitrogen atoms becomes 
about O.Snm In this ideal model structure. Thereby, the increase of the film thtekness for this model case becomes 
about 0.1 nm, and the nitrogen concentration becomes about 12%. Using this model as a reference, it is concluded 
that the increase of film thickness is preferably suppressed to the value of 0.1 - 0.2nm close to the foregoing value in 
the case the substrate processing apparatus 40 of FIG.23 is used for the nitridation of the oxide film. In this state, it is 

55 evaluated that the maximum amount of the nitrogen atoms incorporated in to the film would be about 12% In the 
maximum. 

[0158] FIGS.35A and 35B show the result of measurement of nitrogen concentration distribution and film thickness 
distribution of an oxynitride film for the case the oxynitride film is formed from an oxide film formed on the silicon 
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substrate W in the substrate processing apparatus 40 of FIG.23 to the thickness of 2nm while rotating the silicon 
substrate W by the drive mechanism 42C. It should be noted that the experiment of FIGS.36A and 35B Is conducted 
at the substrate temperature of 450«C under the pressure of 1 33Pa while rotating the silicon substrate fomied with the 
oxide film with the thickness of 2nm, while supplying an Ar gas and a nitrogen gas with the respective flow rates of 
2SLM and 50SCCM. In FIG.35A, the bright part represents the part where there is caused nitrogen concentration 
Further, FIG.35B shows the thickness of the oxynitridefilm obtained by the ellipsometry and the nitrogen concentration 
obtained by the XPS analysis. 

[0159] The result of FIGS.35A and 35B shows that it is possible to realize a generally uniform nitrogen distribution 
over the entire surface of the substrate W even in the case of using the substrate processing apparatus 40. in which 
an asymmetric radical flow is caused, by rotating the substrate W and optimizing the flow rate of the Ar gas and the 
flow rate of the nitrogen gas. 

[FOURTH EMBODIMENT] 

[0160] In the case of fabricating a semiconductor device having a high-K dielectric gate insulation film of FIG.1 , it is 
necessary to f omi the high-K dielectric film 4 on the base oxide film 3 thus fomied by the substrate processing apparatus 

[0161] Typically, a CVD process is used to fonn such a high-K dielectric film 4. In the case of forming a ZrOg film, 
for example, ZrC^ or other gaseous source containing Zr is used and the ZrOa film is deposited by oxidizing such a 
20 gaseous source. 

[0162] It is preferable that the fomiatlon of such a high-K dielectric film 13 is conducted subsequent to the nitridation 
process of the radical oxide film shown in FIGS.28A and 28B, without contacting the substrate to the external air. Thus, 
it is preferable that the substrate processing apparatus 40 of FIG.23 is integrated into a cluster-type substrate' process- 
ing system that includes a CVD chamber. Further, It Is preferable that such a cluster-type substrate processing Includes 
therein the organic removal process by the UV-Ng processing explained before and the atomic-layer level planarlzatlon 
processing. 

[0163] FiG.36 shows the schematic construction of such a cluster-type substrate processing system 50 according 
to a fourth embodiment of the present Invention. 

[0164] Referring to FIG.36, the cluster-type substrate processing system 50 Includes cassette module 51 for loading 
and unloading a substrate W and a substrate transfer chamber 52 connected to the cassette module 51 via respective 
gate valve, wherein the substrate transfer chamber 52 is further connected to: a substrate cleaning chamber 63; a 
^ UV-N2 processing chamber 54 for conducting the organic removal processing explained with reference to the previous 
embodiment; a rapid themrial processing (RTP) chamber 55 for conducting the planarization process; a UV-Og/PLAS- 
MA-N2 processing chamber 56 including therein the substrate processing apparatus 40 of FIG.23 and conducting the 
fomnatlon of the base oxide film by the UV-Og radical processing and the nitridation of the base oxide film by the plasma 
radicals; a CVD chamber 57 for depositing a high-K dielectric film by an ALD process and the like; and a cooling 
chamber 58. 

[0165] Thus, the substrate W introduced into the substrate transfer chamber 52 from the cassette module 51 Is first 
forwarded to the substrate cleaning chamber 53 for removing a native oxide film or organic contamination therefrom 
Next, the substrate W is transported to the UV-N2 processing chamber 54 for removal of the organic substance. Further 
the substrate W is transported to the RTP chamber 65 via the substrate transportation chamber 55 for atomic-layer 
level planarization. 

[0166] The substrate W thus planarized is then transported to the UV-O2/PLASMA-N2 processing chamber 34 via 
the substrate transfer chamber 52 and the base oxide film 3 and the nitride film 3A of FIG.1 are fonned. 
[01 67] Thereafter, the substrate W Is f on^/arded to the CVD chamber 57 through the substrate transfer chamber 62 
for fonnation of the high-K dielectric film 4. The substrate W is further forwarded t the thermal processing chamber 66 
for crystallization and oxygen-defect compensation processing. After the processing in the thennal processing chamber 
55, the substrate W is transported to the cassette module 51 through the substrate transfer chamber 52. 
[0168] Meanwhile, each of the processing chambers 53 - 56 is provided, in the cluster-type substrate processing 
apparatus 50 of FIG.36, with various cooperating devices, and because of this, each processing chambers requires 
an area represented in FIG,36 by a broken line, in addition to the area of the chamber Itself. Thereby, it should be 
noted that available space is substantially limited at the side of the processing chamber close to the substrate transfer 
chamber 52 because of the reduced separation to adjacent chambers. 

[0169] Thus, when the substrate processing apparatus 40 of FIG.23 is to be used in such a cluster-type substrate 
processing apparatus 50, the processing chamber 42 is connected to the substrate transfer chamber 62, wherein there 
arises a problem in that the turbo molecular pump 43B, extending laterally to the processing chamber 41 at the side 
thereof close to the substrate transfer chamber 62 as represented in FIG.24B, may cause an interference with the 
adjacent processing chamber. 
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[0170] In order to conduct fast depressurization of the processing vessel 41 , it is necessary that the turbo molecular 
pump 43B is provided close to the evacuation port 41 A, while there exists no space available for this purpose because 
of the fact that various devices including the transportation robot are provided undemeath the substrate transfer cham- 
ber 52. Further, there is no available space underneath the processing vessel 41 for the turbo molecular pump 43B 
5 because of the fact that various devices including the substrate rotating mechanism 42C are provided underneath the 
processing vessel 41 . 

[0171] FIG.37A and 37B are diagrams showing the construction of a substrate processing apparatus 40A according 
to an embodiment of the present invention respectively in a side view and a plan view, wherein those parts of FIGS. 
37A and 378 explained before are designated by the same reference numerals and the description thereof will be 
10 omitted. 

[0172] Referring to FIGS.37A and 378, the substrate processing apparatus 40 disposes the turbo molecular pump 
43B at the outer side of the substrate processing vessel 41 , in other word the side opposite to the substrate transfer 
unit 47 where there is an available space when the substrate processing apparatus 40 Is used to construct the cluster 
type substrate processing system such as the one shown in FIG.36. With this, there is fonmed an evacuation port 41 E 
15 in the processing vessel 21 at the outer side thereof, in other words at the side opposite to the substrate transfer 
chamber. Further, the process gas nozzle 41 D and the ultraviolet optical source 46 are provided to the side close to 
the substrate transfer chamber 47 with respect to the substrate W such that the oxygen radicals are caused to flow 
along the surface of the substrate W to the evacuation port 41 E. 

[0173] It should be noted that the turbo molecular pump 43B is connected to the bottom part of the processing vessel 
20 41 via the valve 43A in a vertical state, in other words the state in which the Inlet and the outlet are aligned vertically. 
Further, it should be noted that the outlet port of the turbo molecular pump 43B is connected to the evacuation line 
extending from the evacuation port 41 A of the processing vessel 41 to the pump 44 via the valve 44A at the part behind 
the valve 44A. 

[0174] In such a substrate processing apparatus 40, in which the turbo molecular pump 438 is located at the side 
25 opposite to the side of the substrate transfer unit 47, there is caused no problem of the turbo molecular pump 438 
causing Interference with the adjacent processing chamber even when the substrate processing apparatus 40 is used 
to construct the cluster type substrate processing system as in the case of FIG.36. 

[0175] FIGS.38A and 38B are diagrams showing the process of forming the base oxide film 3 of FiG.1 conducted 
by using the substrate processing apparatus 40, 

30 [0176] Referring to FIGS.38A and 388, it can be seen that the valves 43A and 43B are opened and the valve 44A 
Is closed in the base oxide film fomiation process. As a result, the process space 438 is evacuated to the high-degree 
vacuum state of 1 .33 x 1 0'' - 1 .33 x 1 0-^Pa (1 0'^ - 1 0-^Ton-) by the turbo molecular pump 438 at the foregoing evacuation 
port 41 E, and the oxygen gas Is introduced into the process space 41 8 from the process gas nozzle 41 D in this state. 
Further, by driving the ultraviolet source 45 with a suitable energy while rotating the substrate W by the substrate 

35 rotating mechanism 42C, there is caused a flow of oxygen radicals to the evacuation port 42E along the substrate 
surface, and the substrate surface is oxidized uniformly. With this, it becomes possible to form an extremely thin silicon 
oxide film havingathicknessof 1nm or less, particularly thethicicness of about0.4nmcon'esponding to the film thiclcness 
of 2 - 3 atomic layers, on the silicon substrate surface uniformly and stably and with excellent reproducibility. Of course, 
it is possible to fonn a silicon oxide film having a thickness exceeding 1nm. 

40 [0177] FIGS.39A and 39B show the process of fomning the oxynitride film 12A by using the substrate processing 
apparatus 40 of the present embodiment after the step of FIGS.38A and 3.88 by nitriding the surface of the base oxide 
film 12 thus formed. 

[0178] Referring to FIGS.39A and 398, the valve 43A and 43C are closed and the valve 44A is opened in the nitri- 
dation process. With this, the turbo molecular pump 438 is disconnected from the evacuation system and the process 

45 space 41 B is evacuated directly by the pump 44 to the pressure of 1 .33Pa - 13.3kPa (0.01 - 1 0OTorr). 

[01 79] In this state, an Ar gas and a nitrogen gas are supplied to the remove plasma source 46. and nitrogen radicals 
are fonned by applying a high-frequency excitation to the nitrogen gas. The nitrogen radicals thus fomied are caused 
to flow along the surface of the substrate W to the evacuation port 41 A, and there is caused a unifomn nitridation on 
the surface of the rotating substrate W. As a result of such a nitridation process the surface of the base oxide film 3 of 

50 FIG.1 is converted to the oxynitride film 3A. 

[01 80] By using the substrate processing apparatus 40A of the present embodiment for the processing chamber 56 
in the cluster type substrate processing system 50 of FIG.36, it becomes possible to fomri the high-K dielectric film 4 
such as ZrOg, HfOa, TagOg, ZrSi04, HfSi04, AlgOg, and the like, on the base oxide film 3 that includes therein the 
oxynitride film 3A. 

55 [0181] In the explanation above, the substrate processing apparatus 40A was explained with regard to the formation 
of very thin base oxide film. However, the present invention Is not limited to such a specific embodiment and the present 
invention can be applied to the process of fomriing a high-quality oxide film, nitride film or oxynitride film on a silicon 
substrate or a silicon layer with a desired thickness. 



20 



EP 1 469 509 A1 

[FIFTH EMBODIMENT] 

[0182] FIGS.40A and 40B show the construction of a UV-N2 substrate processing apparatus 60 according to a fifth 
embodiment of the present invention. 

[0183] Referring to FIGS.40A and 408. the substrate processing apparatus 60 is a modification of the substrate 
processing apparatus 10 of FIG.2 and Includes a processing vessel 61 holding a substrate 62 to be processed and 
evacuated at an evacuation port 61 A, wherein the substrate 62 is held on an optically transparent stage 61 8 of a quartz 
glass in the processing vessel 61 . Further, there is provided a quartz glass showerhead 61 C in the processing vessel 
61 so as to face the substrate 62. 

[0184] Above the processing vessel 61 , there is provided a quartz glass window 61 D so as to face the substrate 62 
and an ultraviolet source 62, fomied of an an-ay of tubular excimer lamps, is provided outside the quartz glass window 
61 D. Further, there is formed another quartz glass window 61 E at the bottom of the processing vessel 61 In corre- 
spondence to the bottom surface of the substrate 62. and an Infrared heating lamp 63 is provided outside the quartz 
glass window 61 E. Between the quartz glass window 61 D and the ultraviolet source 62, there Is provided a movable 
shutter mechanism 64 for protection of the ultraviolet source 62, 

[0185] In the state of FIG.40A, a nitrogen gas. Is introduced into the processing vessel 61 and the carbon contami- 
nation at the surface of the substrate 62 caused by organic substance is removed by opening the movable shutter 
mechanism 64 and driving the ultraviolet source 62. 

[01861 In the sate of FIG.40A, the infrared heating lamp 63 is not energized. As a result, the organic substance 
onginating from hydrocarbons, and the like, contained In the atmosphere and adhered to the surface of the silicon 
substrate 62, is decomposed by the ultraviolet radiation lorn the ultraviolet source 62 and discharged to the outside 
of the processing vessel 61 together with the nitrogen gas. 

[01871 Next, in the state of FIG.40B. the ultraviolet source 62 is deenergized, and after closing the shutter mechanism 
64, an Ar gas Is introduced into the processing vessel 61 . Further, the infrared heating lamp 63 is driven for heating 
the silicon substrate 62, and there are formed atomic layer steps on the substrate surface as a result of migration of 
the silicon atoms. In the state of FIG.40B, it should be noted that the carbon atoms are already removed from the 
substrate surface In the step of FIG.40A. and thus, there occurs no fomnatlon of defects such as SIC on the silicon 
substrate surface. Thereby, there occurs no problem of pinning of the silicon atoms by such defects, and the silicon 
atoms can move along the silicon substrate surface freely when the substrate is heated to a temperature of 970°C or 
30 more. 

[0188] After the step of FIG.40B, the infrared heating lamp 63 is deenergized and the state of FIG.40A is resumed. 
Thereby the shutter mechanism 64 Is opened and an oxygen gas Is introduced into the processing vessel 61 . Further, 
by driving the ultraviolet source 63, a very thin silicon oxide film is formed on the surface of the silicon substrate 62 1 
which Is planarlzed to the degree of atomic layer level in the step of FIG,40B, with a thickness of 2 - 3 atomic layers.' 
[01 89] In the substrate processing apparatus 60 of FIG.40, too, both of the process temperature and process pressure 
have the value commonly used In the ordinary semiconductor fabrication process. Further, there is no need of con- 
ducting a hydrogen processing. Thus, the substrate processing apparatus 60 is suitable for constructing a cluster-type 
single-wafer processing apparatus together with other substrate processing apparatus. 

[0190] Further, the present invention is not limited to those preferable embodiments described heretofore but various 
modifications and variations may be made without departing from the scope of the Invention described In the claims. 

INDUSTRIAL APPLICABI LITY 
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[0191] According to the present invention, carbon on the substrate surface is removed preferably by a processing 
In an ultraviolet-excited nitrogen gas (UV-Ng processing) in advance to the planarizatlon processing conducted by a 
themnal annealing process. As a result, formation of impurities such as SiC, which causes pinning of silicon atoms at 
the time of the planarizatlon processing conducted by way of flowing or sublimation of the silicon atoms, is suppressed, 
and the silicon atoms can move freely over the substrate surface even in the case the thennal annealing process is 
conducted at a relatively low temperature of about 940°C. Thereby irregular projections and depressions existing on 
the substrate surface as in the case of the substrate having a polished surface, are successfully planarized, and as a 
result, an extremely flat surface showing atomic layer steps is achieved. Thereby it should be noted that the planari- 
zatlon process of the present invention can be conducted in an ordinary rare gas ambient such as an Ar ambient and 
does not require ultrahigh vacuum environment or hydrogen furnace environment, contrary to the case of conventional 
planarizatlon process. Thus, the substrate processing method of the present Invention Is suitable for constructing a 
cluster-type semiconductor production apparatus that conducts single-wafer substrate processing in combination with 
other substrate processes. 

[0192] In the present invention, it should be noted that the organic substance remaining on the silicon substrate 
surface such as hydrocarbon or the like undergoes decomposition or depolymerlzatlon as a result of ultraviolet irradi- 
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ation conducted in the nitrogen ambient. Thus, by heating the substrate in the vacuunn environment, the organic sub- 
stance is easily detached and removed from the substrate. With the wavelength of the ultraviolet radiation used in the 
present invention, there Is caused no activation In the nitrogen gas, and thus, there occurs no formation of nitrogen 
film on the silicon substrate surface. In order that the foregoing UV-Ng processing can successfully disconnect the 
carbon bond other than the C=N bond, it is preferable to use an ultraviolet radiation having a wavelength of 150nm or 
more but not exceeding 270nm. particularly the ultraviolet radiation having the wavelength of about 172nm. 



Claims 

10 

1. A substrate processing method, comprising the steps of: 

removing carbon from a silicon substrate surface; and 

planarizing said silicon substrate surface from which carbon Is removed. 

15 

2. A substrate processing method as claimed in claim 1 , wherein said step of removing carbon is conducted by 
causing to flow a process gas inert to an ultraviolet radiation to said silicon substrate surface and activating said 
silicon substrate surface by said ultraviolet radiation. 

20 3. A substrate processing method as claimed in claim 2, wherein said process gas is a nitrogen gas. 

4. A substrate processing method as claimed in claim 2, wherein said ultraviolet radiation has a wavelength equal to 
or smaller than 270nm but not shorter than 150nm. 

25 5. A substrate processing method as claimed in claim 2, wherein said ultraviolet radiation has a wavelength of 1 70nm . 

6. A substrate processing method as claimed in claim 1 , wherein said step of removing carbon is conducted at a 
temperature of 550°C or less. 

30 7. A substrate processing method as claimed in claim 1 , wherein said step of removing carbon is conducted at a 
temperature of about 450*'C. 

8. A substrate processing method as claimed in claim 1 , wherein said step of removing carbon is conducted under 
a pressure of 1 .33 x 1 0^ - 1 .33 x 1 0-3 Pa. 

35 

9. A substrate processing method as claimed in claim 1 , wherein said planarizing step is conducted at a temperature 
of 940*'C or more. 

10. A substrate processing method as claimed in claim 1, wherein said planarizing step is conducted in a rare gas 
40 ambient. 

11 . A substrate processing apparatus as claimed In claim 9, wherein said planarizing step includes a lamp heating step. 

12. A substrate processing method as claimed in claim 1 , wherein said planarizing step is conducted after said carijon 
4S removal step continuously in an identical processing vessel. 

13. A substrate processing apparatus as claimed in claim 1 , wherein said cartDon removal step is conducted in a first 
processing vessel, and said planarizing step is conducted in a second processing vessel coupled to said first 
processing vessel via a vacuum transportation path. 

50 

14. A substrate processing method as claimed in claim 1 , further comprising, after said planarizing step, the steps of: 
causing to flow an oxidizing gas to said silicon substrate surface; and activating said oxidizing gas by an ultraviolet 
radiation. 

55 15. A substrate processing method as claimed in claim 2, further comprising, after said planarizing step, the steps of: 
causing to flow an oxidizing gas to said silicon substrate surface; and oxidizing said silicon substrate by activating 
said oxidizing gas by an ultraviolet radiation, wherein said ultraviolet radiation used for activating said oxidizing 
gas has a wavelength identical to said ultraviolet radiation used for activating said silicon substrate surface. 
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16. A substrate processing apparatus, comprising: 

a processing vessel Including therein a stage for holding a substrate to be processed, said processing vessel 
being evacuated by an evacuating system; 

a first gas supply system for Introducing a nitrogen gas into said processing vessel; 
a first optical window fonned in a part of said processing vessel; and 

an ultraviolet source provided outside said processing vessel so as to Irradiate said substrate held on said 
state via said first optical window. 

17. A substrate processing apparatus, further comprising: a second optical window formed in a part of said processing 
vessel; an infrared lamp provided outside said processing vessel so as to irradiate said substrate to be processed 
on said stage via said second optical window, and a second gas supply system for introducing a rare gas to said 
processing vessel. 

18. A substrate processing apparatus as claimed in claim 1 7, wherein said first optical window and said second optical 
window are fonned so as to generally oppose with each other across said substrate on said stage. 

19. A substrate processing apparatus as claimed in claim 1 8, wherein there is further provided a shutter mechanism 
between said first optical window and said ultraviolet source. 

20. A cluster-type semiconductor production apparatus, comprising: 

a cassette module; 

a vacuum transportation path coupled to said cassette module, said vacuum transportation path including 
therein a substrate transportation mechanism; 

a first substrate processing chamber coupled to said vacuum transportation path and comprising: a processing 
vessel Including therein a stage for holding a substrate to be processed, said processing vessel being evac- 
uated by an evacuating system; a first gas supply system for Introducing a nitrogen gas into said processing 
vessel; a second gas supply system for introducing an oxygen gas into said processing vessel; an optical 
window fomried in a part of said processing vessel; and an ultraviolet source provided outside said processing 
vessel so as to irradiate said substrate on said stage via said optical window; and 
a second substrate processing chamber coupled to said vacuum transportation path, said second substrate 
processing chamber conducting a themial annealing process on said substrate in a rare gas ambient. 

3s 21 . A cluster-type semiconductor production apparatus as claimed in claim 21 , further comprising a controller for con- 
trolling said substrate transportation mechanism and said first and second gas supply systems, said controller 
conducting the steps'of: transporting a substrate Introduced from said cassette module to said first substrate 
processing chamber by said substrate transportation mechanism; introducing a nitrogen gas Into said first substrate 
processing chamber from said first gas supply system; removing carbon from said substrate surface in said first 
substrate processing chamber by driving said ultraviolet source; transporting said substrate from which carbon 
has been removed to a second processing chamber by said substrate transportation mechanism; conducting a 
planarizing step in said secpnd processing chamber for planarizing said substrate surface by conducting a thermal 
annealing process in a rare gas ambient; transporting said substrate subjected to said planarizing step to said first 
substrate processing chamber by said substrate transportation mechanism; and introducing an oxygen gas from 
said second gas supply system by driving said second gas supply system and causing an oxidation in said substrate 
surface which has been already planarized. 

22. A cluster-type semiconductor production apparatus as claimed in claim 21 , further comprising a third substrate 
processing chamber coupled to said vacuum transportation chamber for depositing a high-K dielectric film on said 
substrate, said controller transporting said substrate finished with said oxidation step to said third processing cham- 
ber by said vacuum transportation mechanism and causing a deposition of said high-K dielectric film thereon. 

23. A cluster-type semiconductor production apparatus, comprising: 
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^ a cassette module; 

a vacuum transport 
mechanism; 

a first substrate processing chamber coupled to said vacuum transportation path and comprising: a processing 



a vacuum transportation path coupled to said cassette module and including therein a substrate transportation 
mechanism; 
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vessel including therein a stage for holding a substrate to be processed and evacuated by an evacuation 
system; a first gas supplying system for introducing a nitrogen gas into said processing vessel; a second gas 
supplying system for introducing a rare gas into said processing vessel; a third gas supplying system for 
introducing an oxygen gas into said processing vessel; a first optical window formed in a part of said processing 
vessel; an ultraviolet source provided outside said processing vessel so as to irradiate said substrate on said 
stage via said first optical window; and a lamp optical source provided outside said processing vessel so as 
to irradiate said substrate on said stage via a second optical window; and 

a second substrate processing chamber coupled to said vacuum transportation path and conducing deposition 
of a high-K dielectric film on said substrate to be processed. 

24. A cluster-type semiconductor production apparatus as claimed In claim 23, further comprising a controller for con- 
trolling said substrate transportation mechanism and said first and second gas supply systems, said controller 
conducting the steps of: transporting a substrate Introduced from said cassette module to said first substrate 
processing chamber by said substrate transportation mechanism; introducing a nitrogen gas into said first substrate 
processing chamber from said first gas supply system; removing carbon from said substrate surface in said first 
substrate processing chamber by driving said ultraviolet source; Introducing a rare gas, after said carbon removal 
step, into said second processing chamber from said second gas supply system and conducting a planarizing step 
for planarizing said substrate surface by driving said lamp optical source; introducing an oxygen gas, after said 
planarizing step, into said first substrate processing chamber from said third gas supply system and causing an 
oxidation for oxidizing said substrate surface; transporting, after said oxidizing step, said substrate to said second 
substrate chamber by said substrate transportation mechanism and conducting a deposition of said hIgh-K die- 
lectric film therein. 
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